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ABSTRACT 
Among  ma ny facto rs affecti ng the qua l i ty of  an  aspha l t i c pa ve ­
ment , the bond i ng  between the ma te ri al s i s  one of  the mo s t  i mpo rtant . 
Th ese ma teri a l s a re a ggregate and  a s phal t cement or emu l s i on s , and  
ea ch has certa i n  phys i o -ch emi cal  cha racteri st i cs . For examp 1 e ,  
na tural  aggregates and quartz i tes revea l s harp d i fferences i n  a ppea r­
ences and  textu re . But bes i des the i r phys i ca l  di fference s ,  they a l s o  
ha ve e l ectro l ytes wh i ch have o ppo s i te e l ec tri c cha rges . Howeve r ,  
because . a spha l t cement and emu l s i on a re both products o f  petro l eum , 
when mi xed wi th so l vents they wi l l  vary i n  both phys i ca l  and chemi ca l 
be ha
.
vi  ors . 
Wh en hydro ph i l i c ag gregates s uch  as qua rtz i te and  sa ndsto ne ,  
both  o f  whi c h  ha ve negat i ve el ectri c cha rges , a re used i n  the pres ence 
of  aspha l t cement ,  wh i ch a l so carri es negati ve el ectri c charge s , i t  
eventua 1 1  y 1 eads to the b rea ki ng of  the adhes i ve bond between the 
aggregate s urface and  the a spha 1 t cement , a phenomenon known a s  
1 1Stri ppi ng 1 1  o r  1 1 debond i ng 1 1• Howeve r· , i f  the surface el ectri c charges 
of the a ggrega te cou l d  be  a l tered , then theo reti ca l l y  i t  s ho u l d reduce 
o r  el i mi na �e the s tri ppi ng  of  aspha l t cement mi xes co nta i n i n g  
quartz i te .  Wi th th i s i dea i n  mi nd , t h i s resea rc h goes i n to deta i l s  o f  
th e trea tment  o f  a ggrega tes a nd/ or  emu l s i on s  wi th anti - s tr i ppi n g  
agents . 
Compa ra ti ve s tud i es we re pe rformed both i n  the  l a bo·ra to ry and  
in  the  fi el d .  Ten  tes t s ecti ons , each · wi th dupl i cate s tr i ps of  eac h  
treatment ,  were cons tructed o n  a maj o r  arter i a·1 . These secti on  were 
v i i i  
appl ied a s  trea tmen ts i n  the s ea l  coa t  des i g n .  The purpose  for b u i l d­
; ng  thes e samp 1 es were to e xami ne  the pe rfo rmance o f  the aggrega tes 
under traffi c and to mon i to r  the s ki d  resis tance peri odi ca l l y .  One o f  
the findings o f  this study was tha t q uartzie , when used  i n  a s pha l t i c 
pavement , ca n re s i s t  t raffic b etter than na tura l a gg re ga tes . Fu rther­
more , a mo i s tu re-s uscept i bil ity tes t wa s deve l o ped i n  the l abora tory 
to s tudy the s tr i ppi n g  potenti a l  of  the s ampl es util i z i n g anti­
s trippi n g  agents at the pres ence of wa ter , the conc l us i on wa s tha t 
addin g quartz i te to ca t i o n i c  ernul s i a n res ul ted in the mo st. opti ma l  
mi x. 
i x  
CHAPTER  1 
I NTRODU CT I ON 
1 
As pha l ti c co ncrete p avement i s  commonl y v i ewed as  the a p pl i ca­
ti on of  a spha l ti c  b i nder ( a s pha l t cement or emul s i on )  and aggregate on  
the road s urface . Des p i te the vari ous  methods us ed to bu i l d  an  
a s pha l t i c  s u rface , the common goa l  i s  to ens ure the  p ro per b i n di n g of  
a s pha l t to  the a ggre gate , fo r th i s  i s  es senti a l  to  the  s u cces s or  
fajl ure o f  the  pavement's job  perfo rmance . 
The bond i n g between the two materi a l s i s  a compl e x  phenomenon 
i nfl uenced by the  phys i o -chemi ca l and  the mechan ica l  p ro perti es o f  the 
i ndfv i dual materi a l s .  The q ual i ty of the bond depends on  co hes i onal  
cha racteri st i cs  o f  the b i nde r ,  the fri cti onal  re s i stance between the  
aggrega�e pa rti c l es , and  the s urface tens i on at the aspha l t-agg�egate 
i n terface .  When these facto rs a re mob i l i zed fu l l y ,  on l y  th en i s  a 
" p ro pe r" bo nd fo rmed . I f  s uch  a bon di n g  i s  formed between the a spha l t  
b i nder  and the a ggregate , the i nterfaci a l  fa i l u re between them i s  not 
p robabl e ,  except by th e act i on of wa ter , fo r " the pre sence of water at 
the i nterface may cha nge the bond from p roper to i mproper  by di s p l ac­
i n g o r  detachi ng· the b i nde r  from the  aggregate su rface"  ( P .  2 ,  2 ). 
Sel i m  ( P .  5 5 , 2 2) s howed the magn i tude o f  the prob l em a s s oc i a ted  wi th 
the Si oux  Qua rtz i te i n  a s  ph  a 1 t hot mi xes and the effect of addi ng  
�nti �s tri ppi ng  chemi ca l s  on  e l i mi nat i ng  the  prob l em .  
I .  Mechan i sm o f  Adhes i on : 
Th e Ameri can Soc i ety fo r Test i ng  and Mate ri als ( ASTM ) . defi n es 
" a dhes i ve .. as  a s u bs ta nce ca pabl e of hol d i n g  mater i a l s to gether by 
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s urface a tta chme nt and  an  1 1 adherend" a s  a body that i s  he l d to another 
bo dy by an adhes i ve ( P .  60 , 16 ) .  I n  a b i tumi no us mi xture , the  a spha l t 
b i nder i s  the adhes i ve and the aggregate i s  the adherend . The 
adhes i on of aspha l t to aggregate i s  bes t expl a i ned by Ri ce ( P .  8 ,  2 )  
who s ummari zed the ma i n  i dea o f  the adhes ion  phenome non by cl a s s i fyi ng 
i t  i n to fo u r  maj o r  theo ri e s : the mechan i c al  th eo ry ,  mo l ecu l a r  
o r i entati on , chemtca l · rea cti o n  theory , and  the theo ry of i n te rfaci a l  
energy . Each th eo ry wi l l  be  expl o red bel ow . 
Acco rdi n g  to the me chan i ca l  theo ry , the adhes i on between the 
aspha l t i c b i nder and the agg regate i s  rel ated to the s urface charac­
teri st i c s  o f  a gg rege:es . S i nce the s u rface texture i s  affected by the  
mi nera l o gi ca l  compo s i t i o n  of  a gg regates and a l so s i nce the  rough  
s urface and  i rregu l ar  s ha pe of  the agg regate parti c l es pro v i de a 
better i nte rl o c k  when adhes i ve i s  fo rced i nto the pores , adhes i o n  i s  
therefore i n crea s ed . Ro ugh- textu red aggrega tes not on l y  reta rd 
i n fi l trati on  by p rov i d i n g the i nterl ock  between the as pha l t b i n de r  and  
the  a ggregate , but  a l so p ro v i de a greater area of conta ct between the 
two . However ,  angu l a r  a ggregates 'w i th sha rp edges c reate  coa ti ng 
probl ems , fo r the th i n  a s pha l t fi l ms fo rmed at  the edges of  the 
aggregates �re be l i eved to be  mo re s uscepti b l e  to stri ppi n g .  Ri ce has 
cl as s i fi ed aggre gates as those  wi th good adhes i ve propert i es , such  as  
c rys ta l l i ne l i meston e , and  tho s e  wi th poo r adhes i ve properti es , s uc h  
a s  crypto c rysta l l i ne rocks  ( fl i ng a n d  cha rt ) . Gran i te ,  dol omi tes and 
quartz i tes a re cons i de red fa i r  a dherends . 
Accord i n g  to the mol ecu l ar  o r i 'entati on con cept , 1 1When mol e­
cul es of  aspha l t come i n  contact wi th  a so l i d , ·they o ri ent themsel ves 
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so as  to sat i s fy the ene rgy demands . o f  the aggregate surfa ce to the 
maxi mum o f  thei r ca pac i ty . .  ( P . · 9 ,  2) . Th i s  con cept , s uppo rted by Ma ck  
and  Lee ( P .  422 , 17 ) ,  s ta tes tha t . .  a l i gnment of  mol ecu l e s wi th i n  the 
l i qu i d may res u l t from the  o ri entat i o n  of i ons  i n  the so l i d  s urface 
that  i s  i n  the d i recti o n  of thei r pol ar i zati on . . . The exi s tence o f  the 
mol ecul a r  or i enta t i on , howeve r ,  has not been fu l l y  s up po rted by al l 
i nves ti gato rs . I n  con tra s t  to Mack  who has  re po rted th e exi s tence o f  
mol ecul ar  o ri enta ti on  thro ugh X- ray di ffracti on pattern s ,  Mei s s ner  ( P .  
96 7 ,  18 ) and  Al exander and  MacBa i n ( P .  9 ,  2 )  have not ob s e rved a 
s i g n i fi cant o ri enta t i on w i th i n  l i q u i ds .  
The chemi ca l reacti o n  theo ry cons i de rs adhes i on a s  a reacti on  
between chemi ca 1 compounds o f  the a ggregate and  tha t  o f  the b i nde r .  
I n  reference t o  thi s theo ry ,  some resea rche rs have di v i de d  aggregates 
i nto aci di c and bas i c  types and have i nd i cated that s tr i ppi n g  i s  a 
b i gger probl em fo r ac i di c roc ks than  fo r ba s i c  roc ks ( P . 9 ,  2 a n d  P .  
148 , 19 } .  The chemi ca l reacti on concept has , howeve r ,  been cri t i c i zed 
on  the ba s i s  tha t a d i rect chemi cal reacti on of  the bon d i ng mate ri a l  
wi th the a ggregate has  n ever  been proven ( P . 10 , 2 } . 
The i nte r,fac i a l  energy concept con s i de rs adhes ion  a s  a th enno ­
dynami c phenomenon rel ated to the s u rface energy o f  the a s pha l t b i nde r 
and the aggregate . . Acca rd i  ng  to thi s theory ,  the wetti ng and s pread­
i n g l i qu i d  on the so l i d  s urfac e ,  stri ppi ng of the aspha l t b i nde r from 
th e a ggregate , and  adhes i on of the a ggregate to aspha l t  a re a l l 
rel ated to cha n ges  i n  the free energy o f  the sys tem. _This free ene rgy 
i s  ca l l ed s urface ten s i on · ( P .  1 ,  1 0 ) . Furthermo re ,  the · i n te rfa c i a l  
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energy theo ry empha s i zes the effect o f  the po l ar i ty of the mo l ecu l es 
on adhes i o n .  Po l a r l i q u i ds a re attracted mo re eas i l y  to the a gg regate 
s u rface than non- po l ar  l i q u i ds . 
The i nte rfac i a l  energy concept ca n be  bes t e xp l a i ned by the 
thermodynami c a s pects of the  s tri ppi ng  p rob l em whi ch demo n s tra te the 
acti ng fo rces i nvol ved i n  the aspha 1 t-ag gregate-water i nterface . As 
shown i n  Fi gure 1 ,  the a bb revi ati ons  A, B ,  a nd W refe r to the  
aggregate- bi tumen -wa te r i n te rface , res pecti ve l y . When th i s  i nterface 
i s  formed , the sys tem a bs orbs e nergy equal  to the free s urface energy 
or s u rface ten s i on o f  the i nte rface i n  q ues ti o n . Wh en the i nterface 
i s  des troyed , th i s ene rgy i s  re l eased by the sys tem. Fo r a uni t 
change , thi s free energy o f  the i nterface i s  s hown by Do l ch ( P .  7 ,  14 ) 
as : 
�F = YAW - YAB - CyBW 
where : .., 
�F = cha nge i n  f ree energy a t  the i nterface 
y = a pp ropri ate i nterfaci a l , tens i on s  
c = a rea o f  b i tumen -water i nterface destroyed by the . free 
ene r.gy . 
Wh en a s pha 1 t i s  removed from the aggregate s urface , the free energy 
(�F )  decreases . So i f  6F i s  negat i ve , · the s tri ppi ng  proce s s  occu rs . 
And i f  6F i s  pos i t i ve ,  the p roce s s  wi l l  not occu r .  
The chi e f  functi on o f  anti -stri ppi ng a gents i s  . to chan ge 
i n te rfaci a l  tens i ons  by a bso rpti on and _to ma ke 6F mo re · po s i ti ve and  
the refo re ma ke s tri pp i ng_ l es s  l i kely . These· addi ti ves · act at  the 
A 
Before Stripping After Stripping 
Figure 1. When the bond i ng fa ilu re occurs, the interfac i al 
energy is lost. 
Sou rce : Dolch, W.L., "Thennodynamic Aspects of the Stripping 
Probl em .. , HRB, Highway Research Circu l ar, No. 73, 
Ma rch 1968. 
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i nterface to l ower the s u rface tens i on between aggregate an d b i tumen 
( yA8 ) .  They l owe r the yAB val ue i n  the s ame way that a s oa p  l owers 
the �u rface tens i o n  of water ( P .  8� 14 ) .  
The a forementi oned has  been a b ri ef rev i ew of the thenno­
dynami c approach to  the  s t ri ppi ng  prob l em ,  but i t  i s  i mportant to note 
a cha l l enge to the adequacy of th i s method . For i n stance , fi el d 
experi ence ha s s hown tra ffi c to be  a maj or  facto r of s tr i ppi n g . There 
have been exampl es i n  wh i c h  stri ppi ng d i ffi cul ty occu rred o n l y  i n  
tho se pl aces where the pa vement  was s ubj ect to - traffi c ( P .  19 1 ,  9 ) . 
The exact ro l e ol ayed by t ra ffi c ,  howeve r ,  i s  not cl ear .  Mathews ( P . 
8 ,  1 .4 )  menti ons th a t  11the i mpo rtant  act i on may be a mecha n i ca l  brea k­
. i  ng away of fi 1 ms o f  bi nder a 1 rea dy 1 oo sened from the aggregate 
s u rface _by s pontaneo us  s tr i ppi ng  acti on . "  From h i s po i nt of  v i ew ,  the 
ma i n  act i on o f  tra ff i c  is to prevent s el f- heal i ng o f  a mo i s ture­
dama ged b i nde r sys tem tha t woul d o therwi se hea l  when i t  dr i es o u t . 
Another e l ement contri buti ng  to the furt her d i s i n tegrat i o n  o f  
moi s tu re-damaged pavement i s  1 1 pumping acti on  by wh i ch ti res ca u s e  
movement  o f  wa te r i n  a wet pavement  .. ( P . 1 2 ,  14 ) .  Th i s  wi l l  loo s en o r  
emu l s i fy the b i nde r .  Th i s  i s  co n s i dered a ma i n  factor i n  d i s p l aceme n t  
of  t h e  b i nder . 
I I .  Modes o f  Bondi ng Sys tem Fa i l u re : 
Mo des of  fai l ure i n  a b i tumi nous mi xture a re d i v i de d  i nto two 
gro ups , namel y ,  cohe s i on  fa i l u re and a -dhes i on fa i l ure . · I n  co hes i on 
fa i l ure , the fa i l u re p l ane i s  l ocated wi th i n  the bin der ,  s epa rat i ng  
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the aggregate part i c l es . When th i s  ha ppens , i t  does  so e i ther at the 
presence o f  wa ter or when dry ,  c l ean aggregates a re used . Adhes i on 
fa i l ure occu rs when there i s  a part i a l  o r  compl ete i nterfaci a l ru pture 
pl ane between the aggregate- aspha  1 t bond , when aggregates wi th  s h a rp 
edges are u sed , o r  when a bno rmal l oadi ngs a re i mposed . Adhes i o n 
fa i l ures res u l t i ng from d i sp l acement , s tri pp i ng ,  o r  de tachment of  the  
bi nder from the a ggregate s u rface by water a re ana l yzed by the thermo­
dynami c p ri nci p l es  menti oned earl i er .  
Adhes i on fa i 1 ure by s tri pp i ng of t h e  b i  tumi n o  us  b i nder from 
aggregate s urface by the  a ct i on of water i s  a wel l known ca use  of many 
road  fa i l u res . Th i s fa i l u re mechan i sm i s  expl a i ned schemat i ca l l y  by 
Bl att ( P .  10 , 2 ) , a s  fo l l ows : Fi gure 2 s hows an enla rged v i ew o f  a 
ro ck o n  the s u rface o f  the road . Po i nt A i s  the con tac t pos i t i o n  of  
the as pha l t- aggregate sys tem i n  equ i l i b ri um i n  the dry s ta te .  At the  
pres ence of  wate r ,  the  equ i 1 i br i  urn  po i nt changes due  to  the b i nde r 
retract i o n  from the  a gg re gate s urface . Th i s  retra cti on i s  known to 
res u l t i n  adhes i on fa i l u re of  the bondi ng system. Furthermore , 
stri ppi ng  of t he b i nde r  i s  a l so known to be  a funct ion  o f  vi s co s i ty 
( P .  1 1 , 2 ) . The refo re ,  h i gh v i s co s i ty b i nde rs a re bette r i n  res i s ti ng 
stri pp i n g .  Th i s  i n di cates tha t hot mi xed road surfaces that  a re 
subjected to ra i n· befo re t hey ach i eve the i r des i red v i  seas i ty may 
resu l t i n  pa veme nt fa i l u re by s tri ppi ng ( P . 22 , 2 ) . 
i nder-Aqgre ga te Ju nction at Dry State 
Bjnder•Aqgre ate 
Junction a t  tn 
pres e� of wat e  
.. - -
Road Surfa ce 
AGGRE GATE 
B i nde r 
Figure 2.  Retra ction of the
' 
b inder-a ggre gate inferfa ce 
over t he a ggre gate surfa ce in the pre se nce of 
water. 
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I I I . Emul s i fi ed Aspha l t :  
A pro duct o f  c rude o i l , · asphal t cement i s  the heav i est  
res i �ual  res u l t i ng from the  petro l �um d i st i l l at i on p rocess . I t  can be  
made fl u i d  by heati n g , a dd i ng  so l ven ts ( naphtha , kero sene , l ub r i ca ti ng 
o i l , etc . ) or  by emu l s i fi cati on . Th us , emu l s i fi ed a spha l t i s  a 
mi xture o f  a s p ha l t cement  (w i th a 100-250 penetrat i on grade ) , water , 
and an emu l s i fy i ng agent wh i c h  enabl es the aspha l t drop l e ts to rema i n  
i n. s us pens i on .  
Use  of ernul s i  fi ed a s phal t for roa d  con struct i on and  ma i n ­
tenance i s  not new . Emu l s i ons  were fi rs t  devel oped i n  the ear l y  
19oo
'
• s , a nd they h a v e  become p ract i ca l  s i nce 1920 . Furthermo re , 
emul s i o ns a re becomi ng ever more wi del y  accepted i n  road wo r k  because  
they a re :  
- Cost  s a v i ng : I n  the ma ki ng  of  emul s i on ,  no petro l eum 
so l vent i s  used . 
- Energy sav i ng : I n  mos t  cases , emu l s i f i ed aspha l ts 
can be u sed wi thout  addi ti onal  h eat . 
- Les s atmospheri ca l l y  pol l u t�ng : There a re l i tt l e o r  
.no hydroca rbon emi s s i ons  from aspha l t emul s i on s . 
Fo r these s ame rea sons , emu l s i fi ed a s pha l t was cho sen for use  i n  th i s  
res ea rch. 
Th e perfo rmance of these emu l sifi ed a s pha l ts  a re affec ted by 
the p ropo rti on o f  the ba se a spha l t cement and  the type o f  e l ec tr i c 
charges on  the s u rfa ce of  the emul s i fi ers . Emul s i ons  ca rry i ng  a 
pos i ti ve.pa rti c l e cha rge a re c al l ed " cat i on i c  emu l s i ons . . . They atta i n 
good bond fo rmati on  wi th s urface e l  ectronegat i �eiy charged aggregates 
such as qua rtz i tes a nd gran i tes . Emu l s i ons  ca rryi ng a· negati ve  
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su rface cha rge a re cal l ed " a n i on i c  emul s i ons " and the i r bond  fo rmati on 
i s  the bes t when used w i th s urface e l .ect ro pos i t i ve l y charged aggre­
gates s uch as l i mesto ne and  do l omi te . 
I V . Aggregate Unde r Study .  
Aggregates can a 1 s o  b e  d i v i ded i nto two gro ups , hydro pho b i c 
and hydrophi l i c .  Hydro pho bi c ,  o r  "wa ter- hati ng "  s urfaces , have better 
attracti o n  fo r b i tumi nous  materi a l s than for water .  Hydroph i l i c  or  
"water- l ov i ng "  a ggregates have better affi n i ty towa rd wa ter th�n 
b i tumi no us materi a l s .  Th i s  means that under the acti on of tra ff i c o r· 
weatheri ng , water can d i sp l ace b i nder  fi l m  from the  hydro ph i l i c 
aggre gate , a phenomenon known a s  " s tri pp i ng 1 1  o r  " debon di n g 1 1  wh i ch i s  
the maj�r co nce rn when  u s i ng q uartz i te aggregates . 
Geo l og i ca l l y ,  quartz i te i s  a metamorph i c  rock  o r i g i na t i n g  from 
sands tone . Dependi n g on  the  type o f  metamo rph i sm ,  the co l o r co u l d be  
wh i te and/or  s ta i ned red , ye l l ow or other  co l o rs .  E i ghty- fou r  percent 
of the mi nera l  compo s i t i on of quartz i te i s  quartz . Th i s  ma kes 
qua rtz i te among the to p hard mi neral s .  The hardn ess of a minera l  i s  
defi ned as  " the· res i s tance o f  a smooth s u rface of  a mi ne ra l  to 
abra s i on .. ( P .  280 , 4 ) . The ha rdnes s i s  detenni ned by scratch i ng the 
mi nera l  wi th the s ha rp edge of a nothe� mi nera l  or w i th an  i ns trument  
of known ha rdnes s .  The mi nera l  wh i ch does the s cratch i n g . i s  sa i d  to 
be harde r than the  one  wh i ch i s  s c ra tc he d .  Th i s  i s  bas ed on  the  Mo h•s 
Hardnes s Scale ( P .  290 , 4 ) , a s tandard.scal e o f  10 mi nera l s a rranged 
in  o rder of i nc rea s i ng  ha rdnes s ( Ta b l e 1 ) . Ac·co rdi ng to th i s  s ca l e , 
any mi ne ral of  h i ghe r number w·i l l  scra tch  those  of a l ower n umber . 
1 1  
TABL E 1 .  Sca l e of Hardn es s  
1 .  Ta l c  6 .  Fe l ds pa r  
2 .  Gypsum 7 . Quartz 
3 .  Ca l c i te 8 . To paz 
4 .  Fl uo ri te 9 .  Co rundum 
5 .  Apat i te 1 0 .  Di amond 
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I n  addi t i on  to the  h i gh ha rdness property of qua rtz i te- -wh i c h  
ma kes i t  a goo d cand i date to res i s t traffi c l oads - -qu artz mi nera l s a re 
heat s ta bl e up to 870° C ( 1600° F )  and i n sol ubl e i n  water tJel ow 150° C 
( 302° F )  a s  l o ng a s  the pa rti c l e s i ze does not fa l l be l ow 10 mi l l i ­
mi crons , for a bo ve 150° C the so l ubi l i ty i nc reases  l i nea rl y  ( P .  6, 3 ) . 
If the pa rti cl e di amete r  fa l l s  bel ow 10 mi l l i mi crons , the so l u b i l i ty 
of quartz wi l l  r i se  s ha rp l y . . 
A .  Se l ect i on of  Sk i d Res i stance Aggregates - An i deal  pavement 
s urface s hou l d have the fo l l owi ng  cha racteri st i cs ( P .  25 , 1 1 ) : 
- H i gh s k i d  res i s ta nce ; 
-L i ttl e o r  no dec rease  i n  s k i d  number wi th i ncreas i n g 
speed : s ki d  res i s tance of  a dry pa vement i s  i ndepen ­
dent o f  s peed , b u t  th i s i s  not s o  on  wet paveme nt ; 
- Res i s ta nce  to wea r :  to res i s t the wea r by abras i o n 
-of  a ggregate unde r  traffi c ,  espec i a l l y  when s tudded 
t i res a re used ; 
-Structura l ·durabi l i ty :  
ravel l i ng , etc; 
-Low noi s e  generat i on . 
res i s tance to compact i on , 
To be a bl e to bu i l d  a pa vement wi th h i gher s k i d re s i s tance 
surface , knowl edge o f  facto rs i nfl uenci ng  pavement  fri ct i on i s  
neces s a ry .  ·The q uest i on  o f  exactl y how many factors a re effect i ve i s  
po i ntl ess  because  each  factor can be  �ffected by some o ther  fa cto r .  
Some o f  thes e other facto rs · a re :  s u rface temperat ure of the aggre­
gate , amb i ent a i r temperature , rubber compo s i t i o n , h umi di ty ,  wheel 
l oa d ,  s peed , and the geometry of the road . Deta i l ed i n fonnat i on on 
how th es e facto rs i nfl uence s k i d  n umber  i s  be.}:'o nd the sco pe of th i s  
i nves ti gati o n ; rathe r , . the s e l ecti on of the s k i d  res i s ta nt ·a g.gregate 
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i n  the des i gn s tage and  a wel l p l anned construct i on procedure a re the 
central  themes of th i s  c ha pter . 
I n  the des i gn o f  a pavemen t ,  i t  i s  the des i gner ' s  job  to 
opti mi ze a l l the facto rs i nvol ved i n  o rder to meet the pub l i c  de s i re 
of a h i ghway sys tem whi ch  p ro v i  des fo r s afety , comfo rt and 
conveni ence . The pr i mary ma teri a l  a ffecti ng the  ou tcome of the  des i gn 
i s  the type o f  aggre ga te u sed becau se  e i the r i n  a b i tumi no u s  o r  a 
Po rtl and  cement conc rete mi xtu re , the  aggregate con sti tutes o ver 90 
percent ( by we i gh t )  of  the tota l mi xtu re . 
1 .  Aggregate Cha racteri s ti cs :  Some of the maj or  cha racte r­
i s tic s of a ggregates tha t i n fl uence s k i d  res i stance an d are re l ated to 
the i r s u s cepti bi l i ty to po l i s h i ng and wea r a re : s urface texture , 
s hape , s i ze ,  and mi n era l ogy . 
Res i s tance to Po l i s h and  Wea r - The pol i s h -wea r o r  abras i on cha racter­
i s ti cs i nd i cate the degree o f  ha rdnes s of  the aggregate . Harde r 
aggregates a re l es s  s uscepti b l e to wea r and po l i s h i n g ,  b u t  when 
aggregates become smooth , they w)l l have poo r s k i d  res i s tance . 
Qua rtz i te i s  cons i de red a ha rd roc k  wi th  s ha rp edges , and thus  i s  a b l e 
to s tand a bras i on and po l i s h i n g  bett� r than natura l  a gg regates . 
Su rface Textu re - The s urface of an · aggregate parti cl e can be . 
des c ri bed by i ts. mi e ra -textu re and  ·macro- texture : " Mi era- texture 
represents  the s u rface coa rsenes s by the s i ze of t�e i n di vi du a l  
mi nera l  gra i n s . Mac ro - t€xtu re refe rs to the angul a r i ty of.the a ggre­
gate pa rti cles , and  the vo i ds i n  the pc;ivement s urfaces " ( P . 30 , 11) . 
Mi c ro- and macro -textu res of  an  a ggregate part�cl e determi ne the  rate  
414186 
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of wear and pol i sh under traffi c . If the i nd i v i dua l  gra i ns i n  the 
aggregate a re not wel l cemented togethe.r ,  or i f  the gra i n s i zes a re 
not un i fo rm ,  th ey wi l l  be  po l i shed under  traffi c . Experi ment  has sho wn 
that i f  the surface of  a ggregate i s  abrasi ve and ha rder tha n the 
mi nera l  grains , the rate o f  surface po l ish i n g wi l l  be  h i gher ( P .  42 , 
1 1 ) .  
Aggregate Shape - The shape o f  the aggregate a ffects i ts sk i d  resi s­
ta�t properti es , and  there a re two ways i n  wh i c h the sha pe i tsel f i s  
affected . F i rst , the sha pe of  the aggregate i s  affec ted by the gra i n 
si ze and ha rdness o f  mi nera l s ,  by the strength of  th e matri x fo nna­
ti on·, an d by the res i s tance to a b rasi on . Second ,  the p ro cess i n g of  
aggregate a ffects the  sha pe . Crushed agg regates have angul a r  sha pes ,  
wh i l e  aggregates found on  the stream bed a re ro unded .  Angu l a r  
quartzi tes a re consi de red good  fo r sk i d  resi stance , wh i l e  aggregates 
wi th fl a t  sha pes and  e l o ngated mi neral part i c l es o r  ro unded natu ra l  
aggregates a re poo r sk i d resisto rs . 
Aggregate S i ze and G radati on - The affect of the si ze of aggre gates o n  
sk i d res ista nce depends on  the type of  pavement and mi x desi gn . And 
the desi gn of a sk i d  resi stant aspha l ti c pavement mi xture may fo l l ow 
d i ffe ren t ru l es than the desi g n  of Portl and cement  concrete pav emen t .  
The desi gn pri  nci  p l  es o f  asp ha 1 t i c pavements are a i med  to p ro v i  de 
sta b i li ty ,  durabi li ty ,  and ski d resi stance . Furthermo re. , once  the 
fi rst two cri te ri a a re esta bl i shed , the sk i d  resi stance requ i rement 
may ha ve al ready been a tta i ned , prov i ded . the coa rse agg rega te used has 
suffi c i ent ski d resi stance . 
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After  the  p roper a ggregate i s  chosen , certa i n  mi x desi gn and  
co nstructi on methods a re used to  ensure .a ski d resi stant  surface . I n  
th i s rega rd , the pavement desi gner must con tro l  the  fo l l owi n g  ( P .  44 , 
1 1 ) : 
1 .  Pe rcenta ge and  type of asphal t - Th i s  wi l l  affect 
the o ve ral l fri cti ona l  behav i o r . If the percent i s  
too h i gh , the asp ha l t wi l l  contri bute to asp ha l t 
bl eedi ng  o n  the su rface and wi 1 1  affect the sk i d  
p roperty of the pavement . I f  the percent i s  too · 1 ow 
or the asp ha l t  i s  too ha rd , ravel l i ng  wi l l  take p l ace , 
and the su rface aggregate w i l l  become l oose . 
2 .  Vo i ds i n  the mi x - I f  the i n terna l vo i ds ca n be 
constructed to sat i sfy for stab i l i ty and  du rab i l i ty 
requ i rements , such  pavement wi l l  be ab l e  to sto p  the 
i nfi l tra ti on of su rface wa ter ; th i s  water then wi l l  be 
removed by the dynami c fo rces created by the veh i cl e  
t i re .  
3 .  Su rface texture - S u.rface texture i s  the p ri ma ry 
facto r i n  sk i d resi stance : 1 1The texture of h i gh  
·vo l ume roa ds sho u l d be coarse and ·gri tty . .  ( P . 45 , 1 1 ) ;  
thus o n  h i gh vo l ume roads , fi ne textured surfaces are 
no t favo red beca use o f  the dra i na ge p rob l em o f  surface 
wa ter du ri n g  h eavy ra i n  fa l l s . 
4 .  Co nstructi on  methods - The mi xtu re desi gn sho ul d 
ta ke i nto account  the type o f  servi ce to whi ch  the 
pavement wi l l  b e  subj ected .· Th e mi x desi gn fo r a 
freeway sho u l d be d i ffe rent from a mi x desi gn fo r a 
seconda ry roa d . On  th e freeway i n  humi d areas , i t  i s  
better to use a coa rse textu red surface to prov i de for 
dra i na ge · of  surface water du ri ng  wet weather 
si tuati ons .  
Be fo re a mi x desi gn i s  fi na l i zed , i t  i s  i mporta n t  to test the mi x i n  
the l ab fo r the desi red qua l i t i es and  i n  the fi e l d for i ts perfo rmance 
under traffi c beca use some mi xes -may pass the l ab test i n g  but  may not 
do wel l u�der se rvi ce i n  the f i e l d .  
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CHAPTER 2 
MO ISTURE I N  ASPHALT PAVEMENTS - STR I P P I NG PHENOME NON 
I .  I NTRODUCTI ON : 
Presence o f  water i n  aspha 1 t pavement i s  a known phenomeno n . 
I t  has been  o bserved ever si nce asphal t pav i ng has come i n to 
exi stence . I n  the a ggregate-water-aspha l t  p hase system , there are two 
th i ngs of maj o r  co ncern . On e i s  wettab i l i ty and the o ther  i s  the 
surface- free energy a t  the i nterface of asphal t-aggregate phase . To 
make the best possi b l e ad hesi on between aspha l t and  an aggregate 
surface , the aspha l t  must be l i q u i fi ed by e i ther heati ng , emu l si fyi ng , 
or bl end i n g  wi th petro l eum sol ven ts ( naphtha , kerosene , l i g ht  o i l ) ,  
and 1 1 the a bi l i ty o f  th i s  l i qu i d asphal t to ma ke co ntact wi th aggregate 
is ca 1 1  ed i ts wetti ng  powe r 1 1 ( P . 1 , 10 ) .  However , the degree o f  
wetti n g  depen ds o n  the re l a ti ve attracti on between the two su rfaces , 
and th i s  rel ati ve attracti on i s  i nfl uenced by the co hesi ve p roperty of  
the adhesi ve b i n der . Th i s  adhesi ve property of as  ph a 1 t cement  is  
characte ri zed by  i ts v i scosi ty . Therefore , one  can  say tha t the 
wetta bi l i ty is a ffected by the v i scosi ty of the b i nde r aspha l t .  The 
h i gher the vi scosi ty , the l ower wi l l  be the wettab i l i ty of the 
aspha l t .  
From the p roperti es o f  asp ha l t and  aggregate , i t  i s  cl ea r  tha t 
aspha l t has practi ca l l y  no a ttract i on  fo r water . Howeve r ,  most 
aggregates have an attract i on for both water and  aspha l t  . . Whe re there 
is  water between the aspha l t  fi l m  a nd the aggrega te surface , the free 
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energy o n  the surface o f  the roc k  w i l l  a ttra ct the free energy on the 
surface of  wa te r because  a spha l t has no attract i o n fo r water . As a 
resu l t ,  the a dhes i ve bond between a spha l t  and a gg re gate w i l l  be 
broken , an d thus stri pp i n g o ccurs ,  for stri pp i ng  i s  defi ned as 1 1 b reak­
i ng  of the adhesi ve bond between the a gg regate s urface and  aspha 1 t 
cement 1 1 ( P .  1 9 1 , 9 ) . When th i s  bond i s  b ro ken , the pavement i s  
wea kened and  vari o us fo rms o f  pavement d i stress , such a s  cra c k i ng o r  
surface rave l l i ng , wi l l  o ccu r (P . 19 1 ,  9 ) .  
The ca uses  o f  stri pp i n g  a re not cl ea rl y u nde rstood , b u t  i t  i s  
general l y  bel i eved that the maj o r  ca use of  s tri pp i ng  i s  wa ter whi ch 
enters the pavemen t stru cture e i th e r  from above or bel ow , even tho ug h 
stri ppi ng  begi ns a t  the bottom of  the paveme nt ( P . 1 2 , 8 )  a n d  wor ks 
i ts way up . Wa te r gets between· the asphal t fi l m  and  the  a gg regate 
su rface i n  the pavement  i n  several  ways ; among  them are water on the 
su rface ( o r  i nsi de ) of  a n  i mp ro per ly  dri ed aggregate , wa ter e n teri ng 
thro ugh sho u l ders a nd c racks , water vapo r  from the subgrade , and  the 
ri si ng of  the wa ter tab l e .  
I I . Mecha n i sms o f  Strippi ng : 
Stri p pi n g  i n  a sp ha l t  pavement oc curs when the bond between th e 
a ggregate a nd asph� l t  i s  b ro ken by water.  The water may be i n  or on 
the aggregate s u rface beca use of i mp roper dryi ng  or i t  may come from 
di fferent sources a fte r constructi on.  The re a re at l east . fi ve ways 
that water can cause the bond to b rea k : detachment , d i spl acement , 
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spo ntaneous emu l s i fi cat i o n , pore p res�ure , a nd hydra u l i c  sco u ri ng . A 
bri ef des cri pti on  o f  each  o f  the mechan i sms i s  a s  fo l l ows : 
Deta chment . Detac hment  i s  the s eparat i o n  of the 
as phalt from the a ggregate s u rface by a thi n l ayer of 
water wi th no  obv i ous  b reak i n  the a s phal t fi l m . The 
a spha l t f i l m  can be peel ed c l ea n l y  from the a ggre ga te 
i nd i ca ti n g  a compl ete l o s s  o f  adhes i o n  ( P .  2 ,  10 ) .  
S i  n ee thi s i s  an  adhes i on type fa i 1 u re ,  the thea ry of 
i nterfaci a l  energy i s  the rat i ona l fo r expl a i ni ng  the 
detachment  mec ha n i sm . 
Di spl acement . Stri pp i n g by d i sp l acement  occurs from 
the penetrat i on of water to the a gg regate s urface 
through  a b rea k i n  the a sphal t fi l m. Th i s  break  cou l d 
be from i ncomp l e te coa ti n g  duri ng mi xi ng o r  from 
a spha l t fi l m  rup tu re ( P .  8 ,  1 1 ) .  As pha l t fi l m  ru p tu re 
i s  1 i ke l y at  the sha rp edges a nd co rners of a n gu l a r  
aggregates a s  a res u l t o f  traffi c l oad i n g  s i nce the  
aspha l t  fi l m  a t  thes e l oca ti ons  i s  genera l l y  th i nner  
and unde r  ten s i on  ( P .  5 ,  8 ) . 
Sponta neo u s  Emu l s i fi ca ti on . Studi es have s hown tha t ,  
. under traffi c when wa ter gets i n to pavement , i t  w i  1 1  
react wi th the aspha 1 t a nd fo nn an i nverted ernu l s i on 
(water dropl ets i n  a spha l t ra the r than a spha l t d ro p­
l ets i n  wa ter a s  found i n  commo n emul s i fi ed as phal ts ) .  
Al so , there have been i nd i cati ons  that anti - s t ri p p i ng  
chemi ca l s  p l ay the  ro l e  of  emul s i fi e rs at  the pre sence 
o f  water (P . 35 , 10 ) . 
Po re Pres s ure . I n  h i gh vo i d  a sphal t mi xture , water 
may circula te free l y  thro ugh the vo i ds . Traff i c  wi ll 
reduce the vo i d  a nd cl o s e  the connect i o n  gap between 
the vo i ds a nd wi 1 1  t ra p  the water . Because  o f  the 
tra ff i c ,  ·the wa te r i s  i n  frequent mot i on a nd po re 
press-u re b u i l ds u p  to the po i nt of  s tri pp i ng the 
a s phal t from the a ggre ga te (P . 2 , 10 ) . 
Hydrau l i c  -Sco u ri ng.  Th i s  i s  a s urface s tr i pp i ng  
mechanis m . · When the pa vement i s  s aturated , t i res 
pres s wa te r i nto the pavement i n  front of  the  t i. res 
a nd s ucks  i t  out  from beh i nd . The comp ress i on-ten s i on 
cyc l e i s  be l i eved to contri bute to the s tri pp i ng of 
the a spha 1 t fi 1 m  from the agg regate ( P .  6 ,  8 ) . · 
19 
I I I .  Facto rs I n fl uenc i ng Stri ppi ng : 
A q ues  ti anna i re p repa red by Tunni  cl i ff and Root ( P .  265 , 7 )  
i ncl uded a q ue s ti on as k i ng  a genc i es u s i ng  anti - s tri pp i ng chemi ca l s  to 
" i dent i fy facto rs w i th whi ch s tri pp i ng has b een re l ated by the 
agency•s res ea rch , tes t i n g  or fi el d performance eval uati o n  . . ( P .  268 , 
7 ) . 
·
Fo rty- two agenc i es res ponded to thi s q ue s ti on . Some s ta tes  
c l a i med that they ha ve no s tri pp i ng prob l ems and do not u s e  anti ­
stri ppi ng  add i t i ves ; b u t  they di d have di ffe rent expe ri ences wi th 
va ri ous  facto rs re l a ted to s tr i ppi n g .  
A .  Mi xture � - Thi rty- two agenc i es repo rted stri ppi ng  due to o pen 
grade mi xes , and s u rface treatments . Stri ppi n g  i n  de nse  gra de d hot 
mi xes are not genera l l y  a p ro b l em and found on on l y a few o ccas i o ns 
where exces s i ve a i r  vo i ds a re al l owed , compac ti on  i s  i nadequate o r  
i ns uffi c i ent a spha l t b i nder i s  u sed .  Th e better res i s tance of the  hot 
mi xes to s tri ppi ng  i s  ma i n l y  due to the use o f  ho t ,  dry aggrega tes i n  
those  mi xes . 
S i xteen agenci e s  re l a ted s t rjpp i ng to the degree of  compacti on  
app l i ed duri n g  cons truct i on , and fo ur others s us pected a re l a ti onsh i p .  
They a l l agreed , . howeve r ,  tha t  h i gh  a i r vo i d  i n  the fi el d compact i o n  
wi l l  p romote s tr i pp i ng ; i n fo rmat i o n  on  the l evel  o f  compacti on ( l eve l  
of  a i r vo i ds ) need�d t o  p revent  s tr i pp i ng wa s not o b ta i ned . 
The l evel o f  compacti on i s  determi ned by the l a bora tory 
ana l ys i s  of  mi x des i gns .  I n  a sphalt termi no l ogy ,  the vgl _ume o f  a i r 
vo i ds i s· more commonl y  e xp ressed  by ano the r tenn : " the percent of  
theo ret i ca l  dens i ty .. . Th i s  exp res s i on g i ves  :the vo l ume o f  so l i ds .  
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Fo r e xamp l e ,  a pavement wi th 96 percent dens i ty has 4 percent a i r 
vo i ds .  Wa l l ace and  Mart i n (P . 67 , 5 )  i ndi cate that at l ea s t  2 pe rcent 
a i r vo i ds mus t  b e  p resent  i n  the pavement to p revent a s p ha l t b l eedi n g .  
To provi de a marg i n o f  s a fety , a pavement i s  u s ua l l y  des i g ned a t  96  to 
97 . 5  percent dens i ty to p rov i de fo r adeq uate compact i on .  
B .  Aspha l t  Cha racteri st i c s  - Twel ve a genc i es rel ated s tri pp i n g  to th e 
so urce of aspha l t cemen t , and e i ght a genc i es re l ated i t  to l ow v i sco ­
s i :ty a spha l t cement . As phal t b i nders wi th h i gh v i s co s i ty have been 
obs erved to res i s t d i sp  1 a cement by wa ter better than those of  1 ow 
v i s cos i ty .  Fromm (P . 8 ,  8)  observes that  1 1 h i gh v i s co s i ty as pha l t 
resfs ted •pu l l i ng• at  the pres ence of  wa ter and that the pu l l i ng of  
the  a spha 1 t f i  1m  i ncreased as  as pha 1 t vi  seas  i ty dec reased .. . Low 
v i s cos i �y i s  good , however , for the mi xi ng operati on s s i nce a l ow 
v i scous  fl u i d has  more wetti ng  power than a h i gh vi s co s i ty fl u i d .  
Seve ral observat i on s  a rgue tha t mo i s ture a l one do es not rea l l y  emu l ­
s i fy a spha l t and the ra te of  emul s i fi cat i on depends on  the n a tu re of  
aspha l t rathe r  than i ts v i s cos i ty (P� 9 ,  8 ) . Lo gi ca l l y ,  an  emu l s i fi ed 
aspha l t · s hou l d be mo re p ro ne to s tri ppi ng i f  some concentra t i o n  of 
emu l s i fi ers rema i n  i n  the b i nde r after mi xi n g .  
C .  Aggregate Cha racteri s ti cs - Th e mi neral ogy and chemi s t ry of  
aggregates  a re i mporta nt fa cto rs i n  ·re l a t ion  to  s tri ppi ng of  the 
pa vements because s urface energy and chemi ca l . reactions  between the 
aspha l t-a ggregate i nterface a re i nfl uenced · by these  two facto rs . 
Hydroph i l i c (wa ter- l ov i ng )  aggre gates a re co n s i de red to be ac i di c  wi th 
regard to thei r chemi ca l natu re , and genera l l y:exh i bi t a h i gh s i l i ca 
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co ntent ( 84 percent  o r  more ) . Hydraphob i c (water hati n g ) a g g re ga tes 
a re chemi ca l l y  bas i c a nd have a l ow s i l i ca content . I t  i s  reported by 
s tudi es and observa t i o n s  tha t  hydro ph i l i c a ggrega tes a re better  than 
hydro pho bi c aggregates i n  res i s ti n g s tri ppi ng o n  the  pa vemen t .  How­
ever , the fact of the ma tter i s  tha t what has been p ro ven o r  tes ted i n  
the l abo ra to ry ca nnot dupl i ca te res u l ts  that wi l l  occur i n  the  fi e l d 
under yea rs of  s e rv i ce 1 i fe .  Fo r exampl e , acco rdi ng  to theory , 
l i mes tone , a s urface ba s i c  roc k ,  i s  not s uppo sed to s tr i p ,  bu t coarse  
a ggregate 1 i me s tone  ha s b een o bs erved to  con tri b ute to  s tri pp i ng . Fo r 
examp l e , s tri pp i n g  was obs erved i n  V i rg i n i a i n  mi xe s con ta i n i ng  l i me­
s tone ( P .  2 72 , 7 ) . I n  contra s t , quartz i te ,  an  aci di c roc k ,  h a s  been 
shown to b e  l es s  s us cepti b l e to s tri pp i ng than  mos t bas i c a gg re ga te s . 
I n  s ho rt , i t  can be  s a i d that no· aggregate type a l ways s tr i ps , and  no 
aggregate type never s tr i ps . 
Des pi te the  comp l exi ty of  u nders tandi ng  s tri pp i ng , i t  i s  c l ear  
to the fi el d engi neers that  s t ri ppi ng  does ta ke pl ace , a nd we have  
seen mo re and  more i nc i den ts of s tr� pp i n g  i n  the  l as t  10 yea r s . The  
reco ns tructi on  and  rehab i l i ta t i o n  o f  pavement  i n  the  seventi es , 
i ncl ud i n g wi den i n .g the pa vemen ts , pavi ng the medi ans  and s h o u l de rs , 
, 
va ri ous  types- of s u rface trea tments , recycl i ng a s pha l t pavemen t , and  
many more changes  a re add i t i o na l  facto rs i nfl uenc i ng  the b i nder-aggre­
gate sys tem ; a l so , beca use  of w i der  pavements , w i de r  s u bs urface 
drai na ge i s  needed . In  the pa s t ,  s u bsurface d ra i nage , i f  a ny ,  was 
des i gned ·fo r - 2 2 - 24 foot wi de pa vements . Now the wa ter has to trave l  
40  to  50 feet to  get out  o f  the  pavement . . Th i s  contr i b u tes to 
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mo i s tu re e ntrapment  i n  t h e  pavement sys tem whi ch , unde r tra ff i c ,  wi l l  
be s ubj ected to hydrau l i c  act i o n . Th, i  s ha s been observed  on  the 
Pennsyl van i a  Turnpi ke and I nte rstate 78 ( P .  35 1 ,  7 ) . The p ro b l em i s  
on hea vi l y  tra ve l l ed roads , and  s tri ppi ng was observed i n  th e i ns i de 
wheel path of  the s l ow l an e  wh i ch i s  farther from th e dra i nage o ut l et 
as  compa red to the o u ts i de whee l  path . Al so , i n  re- con s truct i on j obs  
where o 1 d Po rtl a nd cemen t concrete pavements wh i ch do  not have  good 
s u bs urfaces pri o r  to the o ve rl ay are u se d ,  the moi s ture i n  the s ub -
ba se befo re the o verl ay may have h a d  some escape  ro ute th ro ugh the 
j o i nts and s u rface cra c ks ; and  wi th the ove rl ay , · the a s p ha l t wi l l  
comp·l ete ly  s ea 1 thes e off .  Th i s  w i l l re s u l t i n  i nadequate s u b s u rface 
·-
dra i nage and i n  moi s tu re en trapme nt tha t  wi l l  co ntri b ute to s tr i ppi n g  
under  the act i o n  of traffi c .  Anti - s tri pp i ng  agents a re now u s ed t o  
contro l  s tri pp i n g , b u t  i ns tead of  remov i n g t h e  ca use of t h e  p ro b l em ,  
they s eem to o n l y  treat the symptoms . 
D .  Co ntrol  Strippi ng - Several  s tates a re i nvo l ved i n  rout i n e  tes ts 
to so l ve the s tr i ppi n g  p ro b l em .  We s t  V i rg i n i a  has  so l ved mo s t  of i ts 
stri pp i ng and ravel l i n g p ro bl em by i n tens i ve study of  and tra i n i ng o n  
fi el d compa cti o n  req u i reme nts . I n  the past , fi el d c rews were 
accustomed to wo rki n g  wi th a s pha l t wh i ch had l i tt l e va r i a b i l i ty . 
Thus , they had not ma de adj us tments fo"r new a s pha l ts  a nd compact i o n  
wa s not a l ways app l i ed s u ffi ci entl y . The Pennsyl van i a  H i �hway Depart­
ment found a s i mi l ar pro b l em and  noted that " d i ffe re nt mi xe s requ i re 
d i fferent '  compacti o n . . ( P .  4 5 , 1 ) . I n  the ear l y  19 70 ' s ,  fi el d  
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en gi neers mi ght not  have noti ced a ny changes in  vi s cos i ty or pene tra­
ti on o f  the a s pha l t fo r the  enti re pav i ng s ea son , and  the mi x i ng pl ant  
temp� ratu re and  the  compa ct i o n  req u i rements wo u l d have to  be changed 
duri ng  a cons truct ion  � eason . I n  the l as t  deca de � howeve r ,  becau s e  o f  
d i fferent combi na ti ons  o f  crude o i l u sed t o  produ ce a spha l t s , each 
tanker o f  a spha 1 t cement  mi gh t d i ffer i n  v i sco s i ty ,  and thus 1 1the 
va ri at ion  may have been wi th i n  the s peci fi ca t i on , b ut [wa s ]  s i gn i fi ­
cant eno ugh to req u i re d i ffe rent degrees of  compacti on . .  ( P . 4 5 , 1 ) . 
Today , the s ta tes o f  Wa s h i ngton , Geo rgi a and Texa s are u s i ng  mo re 
anti - s tri ppi ng  a dd i t i ves . Texa s i s  u s i ng chemi ca l s and  hydra ted l i me ,  
but they a re s ti l l a t  the expe ri mental s tage . Geo rgi a now req u i res 
addi ti ves i n  a l l a sp ha l ts ,  and the s tate of  Ari zona i s  u s i ng a hea v i er 
grade of aspha 1 t · a nd recommends us i n g a better grade of  aggregate 
i ns tead of  wha tever i s  av a i l abl e l ocal l y .  
I n  a ddi t i on  to the a bo ve recommenda ti on , ES- 10 o f  the  Aspha l t 
I n sti tute ( P .  3 ,  10 } s ummar i zes des i gn and con structi on gu i de l i nes to 
mi n i mi ze the p roba bi l i ty o f  s tri pp i ng : 
1 .  Fo r a new pavement , use  a wel l compacted , dense  
grade , hot  mi x i f  po s s i b l e .  
2 .  Prov i de po s i ti ve d ra i nage , both fo r s u rface and  
s ub- s u rface , u n l es s a fu l l dep th des i gn i s  
s peci fi ed . The l onger  the water i s  kept away from 
the mi xtu re , the mo re s tri ppi ng res i s tant  th e 
aspha l t becomes . 
3 .  As s u re tho ro u g h  compacti on a t  the pavement l aye rs . 
4 .  Sel ect the a spha l t gra de tha t  wi l l  meet the aggre­
gates thorough Jy  dur i ng  mi xi ng , but yet wi l l  be 
v i scou s enough  to res i s t stri ppi ng  and s ti l l  meet 
othe r  des i gn obj ecti ves ( the  h i gher : the v i sco s i ty 
of the as  ph  a 1 t ,  the greater i ts res i s tance to 
stri pp i ng ) . 
5 .  I n  mo s t  ca ses  fo r a ful l -depth des i gn i n  whi ch 
a l l o f  the  pavement  l ayers u ti l i ze a spha l t 
mi xtures , u se  dense  graded a s phal t mi xtures  fo r 
bas e  and  i ntermedi ate co urses when po ss i b l e .  
6 .  Us e a s  h i gh  a n  aspha l t content a s  p ra cti ca l to 
meet s ta b i l i ty and  fl ow req u i rements . 
7 .  Us e d ry , ho t ,  cl ean a ggregate ( not  fresh l y  
crus hed ) . 
8 .  Do not u s e  a h i gh l y hydrophi l i c aggregate i f  a 
d i fferen t cho i ce i s  ava i l ab l e . 
9 .  When the us e· o f  hydroph i l i c a gg regate i s  u na vo i d­
a bl e ,  u s e  s ome ki nd of  a nti - str i ppi ng agen t .  
Hydra ted l i me i s  a recommended a dqi t i ve . I t  
s ho u l d b e  added to the a ggre gate pri or  to the 
mi xi ng  o pe rat i on . 
10 . Ma i nta i n  goo d  q ua l i ty control  thro ughout  
cons tructi o n . 
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I .  I ntroduct i o n : 
CHAPTER 3 
ANT I - STRI PP ING ADD I T I VES 
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Stri pp i n g o f  a sphal t i c b i nde r  can be de scri bed a s  the d i s ­
placemen t o f  a s pha l t  fi l ms from the aggregate s u rface by the a c t i o n  of 
wa ter .  Th i s  i s  ca used by co ndi t i on s  under  whi ch the agg regate s urfa ce . 
i s  mo re eas i l y  wetted by water th an by aspha l t .  Tu nn i cl i ff a n d  Roo t  
( 7 )  defi ne a nt i -s tri ppi n g  addi ti ves a s  . .  s ub stance s  des i gned to convert 
the aggregate s u rface to one tha t  i s  mo re eas i l y wetted by a spha 1 t 
than wa ter .. ( P .  32 , 8 ) . Th i s  means that the a dd i ti ve s can i mp ro ve the 
adhes i on between a spha l t i c  b i nder and aggregates . 
A .  Methods o f  Trea tments - l'n a b i tumi nou s - aggregate sys tem , to 
c reate a s a ti s facto ry adhes i on between the asphal t bi n de r  a nd the 
aggregate and  to be a b l e to a c h i eve p ro per coat i ng of the agg rega te , 
Maj i dzadeh ( 2 )  po i nts o u t  that 1 1 the s u rface tens i on of  the b i n de r  and  
i ts i nterfac i a 1 energy mu s t  exceed the s u rface energy of  the  a gg re­
gate1 1  ( P .  56 , 2 ) . The re a re two genera l l y  accepted metho ds  to i mp rove 
th e adhes i on of the b i n der  to the a ggrega te . Fi rs t , depend i ng  on the 
type ( hydropno b i c or phydroph i l i c ) , the aggregate can be coated wi th a 
s u i tab l e add i ti ve tha t wi l l  reve rse the el ectri c cha rges a t  the s u r­
face and th u s  reduce the s u rface ene rgy of the a gg regate . · Th i s  may be 
pos s i bl e  by changi ng  the chemi cal  compo s i ti on of  the aggrega te at  the 
s urface , · b ut  i t  i s  o ften d i ffi cu l t  and i mp racti ca l  bec�use  �f  th e h i9h  
cos t i n vo l ved i n  s uch  a. p roces s . The second approach i s  to  reduce th e 
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s u rface tens i o n  of the b i n der i ns tead and g i ve the b i nder an e l ectri c 
cha rge oppos i te to that  o f  the a ggregate s u rface . Th i s  i s  do ne by 
a dd i ng  the add i ti ves to the b i tumi no us b i nder befo re the mi xi n g  
operati ons . Th i s  a pproach  i s  pract i ced · mo re often by h i ghway 
engi neers . The a rgument aga i n s t  the s econd approach i s  tha t  1 1  the 
maj o ri ty of  the ant i - s tr i pp i n g  a gents i n i ti a l l y  added to the a s pha l t 
cement neve r rea ches the a s phal t/ aggregate i nte rface where i t  s ho u l d 
be  to obta i n  opti mum pe rfo rmance .. (P. 7 ,  6 ) . The a rgument i s  j u st i ­
fi ed fo r co nvent i o na l ho t mi xes whe re the mi gra t i on of the add i ti ve s 
to the i nterface i s  poss i b l e o n l y  i n  the fi rs t  2- 3 hours , du ri ng  wh i ch  
ti me . the a spha l t i s  a t  l i q u i d s ta te and  ha s eno ugh l ow vi s co s i ty to 
a l l ow the c hemi ca l to mi gra te to the i nterface wh i l e  i t  i s  ho t ,  but  
upon coo l i n g , the v i s co u s  aspha l t wi l l  reta rd and even  s to p  any 
chemi ca l mi gra ti on . As a res u l t ,  the amount of chemi ca l s  reac h i ng  the  
i n terface wi 1 1  not be  enough  to  do  the  j ob . By compari son , s tudi es 
have i nd i cated tha t the mos t  e ffi c i ent and effecti ve way to i mp rove 
the adhes i on of a s p ha l t to aggregate is  to app l y  the anti - s tri pp i ng 
chemi cal s d i rectl y  to the a ggregate befo re mi xi ng  th em (P. 9 , 6 )  . . 
Th ere i s  n o  re l i a b l e i nfo rmat ion o n  the us e of  thes e ch emi cal s 
i n  co l d mi xes o r  i n  s u rface treatments . I t  i s  hope d  tha t  th i s re­
s ea rch wi l l  s hed s ome 1 i gh t  on  the use  of  anti - s tri pp i ng chemi ca l s i n  
s urface trea tment . 
B .  Genera l  Prope rti es  of  the Add i ti ve s  - . L i terature rev i ews and  
pu bl i ca t tons . prov i ded by  the manufactu rers i ndi ca te · tha t  a 1 1  anti ­
s tri pp i n g addi ti ves a re · p ropri e ta ry chemi ca l s , . and beca u s e  of that , 
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deta i l ed i n formati o n  abou t  them i s  not a va i l ab l e .  Fu rthermo re , a l l  
the anti - s tr i ppi ng  addi t i ves a re bel i ev�d to b e  chemi ca l s con ta i n i n g 
ami nes , wh i c h a re s l i gh tl y bas i c . · Cati oni c anti -stri ppi ng  addi t i v es 
a re deve l oped to p romote adhes i o n  between aci d i c a ggregates ( i . e . , 
hydroph i l i c aggrega tes s uch  a s  q uartz i te )  and ac i d i c  a sp ha l t cemen t .  
A wi de vari ety o f  addi ti ve cha racteri s t i cs , s uch a s  fl a s h  po i n t ,  po ur  
po i nt ,  v i scos i ty and  spec i fi c  grav i ty
. 
were reported i n  the p roduct 
broc hu re and these a re l i s ted i n  the deta i l ed des cri pti on sect i on on  
addi ti ves ( s ee Cha pter 3 ,  Secti on I V ) . 
Heat and the chemi ca l s tab i l i ty of thes e add i t i ve s  a re the  
maj o r  concern . To be  h ea t  s tabl e ,  the  chemi ca l mu s t  not  have  com­
ponents that wi l l  reac t  wi th  the component o f  aspha l t ceme nt , a nd 
therefo re , become i neffecti ve . · The rate of reacti on i n  s uc h  ca s es 
i ncreas es ra pi dl y wi th i nc rea s i ng temperature . So what i s  needed i s  
the chemi ca l s ta bi l i ty o f  these  a dd i t i ves i n  the presence of  a s phal t ,  
and a l l the man u facturers c l a i m  that thei r p roducts are s ta bl e .  They 
a l so i nd i ca te tha t the i r p roducts � re so l ub l e i n  asphal t , wh i ch i s  
neces s a ry fo r a uni fo rm d i s tr i b ut ion  i n  wh i ch a l l aggre ga te s urfaces  
are co ated . 
Res ponses to a q uesti onna i re prepa red i n  1981  by Tun ni cl i ff 
and  Root ( P .  287 , _ 7 )  i denti fi ed o ve r· 1 16 di ffe rent . ant i -s tri ppi ng  
addi ti ves . Add i t i ve man u factu re rs adv i s ed that some of  th�s e were no 
l onger  be i ng ma de and tha t s ome o the rs we re new .  I t  a l so a ppears  that 
the number o f  addi t i ve-s are  con s tantl y � hangi ng ; fu rthermo re ,  the u s e  
of  ant i - s tri pp i ng agents s ti l l  s eems to b e  at  a ·tri a l  a n d  e rro r s tage . 
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In a dd i t i on , i n  s p i te of  a l a rge n umber of add i ti ve s , each d i ffers 
from the other  i n  some u nknown re spec� because  a 1 1  a re p ro p ri etary .  
Al l the l i te rature i ndi ca tes that  the add i ti ve man ufactu-re rs s ti l l 
reco gn i ze a n umber of  prob l ems i n  the u se of  the i r  a dd i ti ves . There 
seems to be  no foo l p roof ant i - s tri pp i ng add i ti ve a s  yet .  
I I .  Us e o f  Ant i - Stri ppi ng Add i t i ve s  i n  Aspha l t  Pavement : 
Th e use  o f  ant i - s tr i pp i ng  chemi ca l s  go bac k to the earl y 
196o • s  whe n the . Departmen t  o f  Transpo rtat i on i n  Ar i zo na was s tu dyi n g  
the performance of  mi xtu re des i gns . Samp l es from 2 0  pa vements  we re 
ta ken , and whi l e  res earchers were not real l y  l oo k i n g  for s tr i ppi ng , 
-
when they exami ned the co re sampl es from the to p and  the bo ttom 
secti on� of the pa vements ,  they 'found that there had been a 1 percent 
mi g rati on of  asp ha l t from the bottom l evel  to the to p l evel . Th i s  
mi gra t i o n  o f  a spha l t had  occurred i n  a l l pavements that were s tud i ed . 
Th ey fe l t  the p rob l em wa s due to s tr i pp i n g and  began us i ng 2 pe rcen t 
dry l i me a s  an anti - stri ppi ng  a gent ., The experi me nta l procedures fo r 
u s i n g  anti -s tri pp i n g  mater i a l s conti nued u nt i l 19 70 , d ur i ng whi ch  t i me 
a des i gn cri teri a and a do sage l i mi t fo r the a dd i t i ves were 
es tab l i s hed . The do sage l i mi ts we re s ubj ect to var i ati on upon  experi ­
ence and tes ti n g  o r  man ufacture rs • recomme ndati on . The current  dos age 
1 i mi t  i s  0 . 3  - 1 . 0  percent ( aspha l t we i ght ba s i s ) fo r l i qu i _d a dd i ti ve s 
and 0 . 3  - 1 . 4% fo r dry forms . Fo r the bes t resu l ts , i t  i s  recommended 
tha t the · · chemi ca l be  added to the ag_gregate p ri o r to the mi xi ng  
ope rat ion . If  the a mo unt o f  ant i - s tri pp i ng chemi ca l · u s ed · i s  over  the  
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do sage l i mi t ,  there wi l l  be exces s chemi ca l s on  the s urfa ce of  the 
a ggregate and a . . hyd roca rbon  to h.Ydroc.a rbon i nterfac i a l o ri en ta t i o n 
can · occur creat i n g  a mechan i ca l l y  wea k , water s us cepti b l e ,  s h ear 
p l a ne "  ( P .  6 ,  6 ) . Th i s  o ve rsatu rat ion  of the s urface cha rge of 
aggregate s ho u l d be  avoi ded ; o th e rwi se , the addi t i ves  u sed w i l l  have a 
negati ve i mpact on  the pe rformance o f  the pavements . 
Rep l i es to the q uesti onna i re prepa red by Tun n i cl i ff ( 7 )  s hows 
th� pa ttern of use  of these  addi t i ves i n  the Uni ted Sta tes F i gure 3 
shows th e u s e  of thes e a dd i ti ves p ri o r  to 1958 . At tha t ti me ,  the  
anti - s tri pp i ng addi t i ves were u sed both i n  hot and  co l d mi xe s . The 
i n formati on  i n  Fi gure 4 ,  obta i ned i n  198 1 , s hows the u s e  o f  anti -
-
s tri ppi ng  chemi ca l s i n  hot  mi x a spha l ti c concrete on l y .  
_Th e q ues ti 9nna i re a l so as ked each agency to eval ua te i ts 
experi ence regardi ng  the u s e  and the  effect i ve nes s of  these  add i ti ves . 
Twenty agenc i es o u t  of 3 2  thou ght  the a ddi ti ves  were gene ra l l y  favor­
abl e ,  and  the  maj or i ty o f  them determi ned the do sage l i mi t by  tes ti ng . 
Some a l so re l i ed on  e xperi ence o r  the man ufacture r ' s recommenda t i on 
fo r the dosage l i mi t .  
I I I .  Effects of  Ant i - Stri ppi ng Add i ti ves on the Properti e s of Asphal t  
Cement : 
An ti -s tr i ppi ng a dd i t i ve s  a re u sed by many agenc i es .to he l p the 
water o r  s tri ppi ng res i s tance  of a spha l t concrete mi xes . I t  i s  often 
a s s umed tha t· a nt i - s  tri ppi ng  add i ti ves are absorbed on the s urfa ce of  
the  aggregate and  do  no t i riteract  wi th a sphal t� The  eff�ct of  thes e 
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addi ti ves on the pro pe rti es , b ehavi o r ,  and performance of a s pha l t has 
not been wel l doc umented . S tud i es by H . . J .  Fromm i ndi cated that wa ter 
or  s tr i pp i ng  res i s ta nce i s  a functi on of  aspha l t cement as  we l l  as  of 
the aggregate type { P .  3 16 , 7 ) . 
Recent s tud i es  i nd i ca te tha t  aspha l ts are compo sed o f  con ti n­
uous l a rge o rgan i c ,  d i po l ar mo l ecu l es w i th va ri o us roo l ecu l a r compos i ­
ti ons and s tructu res . Th e po l a r  fracti o n , ca l l ed 1 1 a s phal ten es 1 1 , 1 1 i s  
i nsol ub l e i n  hydroca rbon sol vents s uch as  pentan e .  The remai n i ng 
so l u bl e pa rt i s  ca l l ed 11 ma l tenes 1 1 • But ant i -s tri ppi n g  agents a re a l so 
cons i dered to be  l a rge mol ecu l es wi th one  end as  po l a r and the  o th e r  
e n d  a·s non-po l ar .  The non-po l a r e n d  i s  sol ubl e i n  a s pha l t ,  whi l e  the 
po l a r end seems to be i ns o l ub l e and · re pu l s i ve .  Thu s , th e po l a r 
aspha l t _componen ts p l ay a maj o r  ro l e i n  dete rmi n i ng aspha l t v i sco s i ty .  
When ant i -s tri ppi ng  a dd i t i ves a re u s ed ,  they w i l l  i nte ra ct wi th th e 
pol ar  segment o f  a spha l t and  co u l d affect the v i scos i ty of the  a s p ha l t 
components . Two genera l  types o f  i n teracti ons a re con s i de red .  One i s  
tha t i n  wh i ch a chemi ca l reacti on ta kes p l ace to fo nn a new chemi ca l 
spec i es , · a nd the othe r i s  that i n  wh i ch the po l a r gro ups o f  · a s pha l t 
a re affected by the i nterac t i o n  wi th the pol ar functi onal  g ro ups  of  
the  anti - s tr i ppi ng  a gents . Th e second i nteracti on i s  revers i b l e , b u t  
t h e  fi rs t one , i nvo l v i ng chemi ca l reacti ons , i s  not re ve rs i b l e .  I f  
the fi rst i n teracti on  occu rs , then the  a spha l t pro perti e s  a re a ffected 
by · the anti -s tr i ppi n g  chemi ca l s ,  and hence , a s pha l t funct i on s  a re 
affected . So , ch emi ca l s ta b i l i ty i n  the presence of a s pha l t i s  a 
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major  requ i rement fo r anti - s tri pp i ng · a gents , and a l l man ufacturers 
cl a i m  tha t thei r pro du cts a re s ta b l e .  
The fact tha t a g i ven anti -stri pp i ng chemi ca l ca n p roduce both 
an  i ncrease  or decrea se  i n  v i s co s i ty wi th the type of a s pha l t u s ed 
confi rms tha t mo re than s i mp l e d i l uti on effects a re ta k i n g  p l a ce .  An 
experi ment a t  the La rami e Energy Technol ogy Center i n  Cal i fo rn i a ,  
i nvo l v i n g sma l l con centrati ons  of addi ti ve i n  the a s pha l ts , and  i n  
whi. ch  the as ph a 1 t-a dd i  ti  ve i nt�racti  ons by i nfra red s pectrome t ry were 
observed , s howed tha t the ami nes i n  the addi ti ves i n teract stron g l y  
wi th aspha l tenes ( i . e . , v i scos i ty effect i ve )  a n d  tha t  a maj o r  part of  
i nte ract i on i nvo l ved functi ona l i ty other  than carbo xyl i c  ac i ds and 
·-
phenol s ( i . e . , c hemi cal  reacti ons ) ( P .  3 14 ,  7 ) . 
I V . Ant i - Str i ppi ng Add i t i ves  Under  Study :  
The a dd i ti ves u sed i n  the re search  o f  th i s  paper , a re c a t i on i c 
s u rfactants* a nd hydra ted l i me . S i nce a l l the addi ti ve s u s ed a re 
propri eta ry chemi ca l s ,  on l y  the general  properti es are a va i l a b l e to 
the publ i c . They a re be l i e ved to be mi l dl y  ba s i c  chemi ca l s · and 
genera 1 1  y heat s tab  1 e .  The con centra ti on rate used i n  th i s  res ea rch  
i s  1 pe rcent aspha l t we i gh t  bas i s ( AWB ) . They a re u s ed to  treat  
e i the r aggregate o r  cati o n i c emul s i o ns · and the  fo l l owi ng p roperti es 
were prov i ded by the manufacture rs • descri pti on s .  
*s u rfa ctant - s u rfa ce acti ve a gent ; reduces surface ten s i on o r  i nte r­
fac i a l tens i o n , such  as  detergents , wetti ng agents , emu l s i fi ers , etc . 
( Condensed Chemi ca l Di cti o na ry ,  Ten th Ed i ti on - 1981 . ) 
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Toma h Products : TAA- 3000 
TAA- 3000 i s  a p ro pri eta ry compo s.i ti o n  bu t i s  p ri ma r i l y  an 
a l i p hati c di ami ne so l d by Tomah a nd o the rs . Tomah s upp l i es TAA- 3000 
for use i n  New Zea l and  whe re c h i p sea l s w i th hot sprayed a s p ha l t a re 
the pri ma ry road  con s truct i o n  and  ma i ntenance techn i q ue . 
TAA- 3000 i s  a s uper concen trate , 100 percent a cti ve sol ub l e · 
ca ti on i c  tha t  i s  effect i ve i n  a l most  a l l mi x des i gns  and  i s  a l i qu i d  
a t  40° F wi th the fo l l owi ng  typi ca l  phys i ca l  p roperti es : 
Appea rance at 23° C . . . . . . . . . . . . . . . . .  L i gh t amber l i � u i d 
Spec i fi c Gravi ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 85 2  
V i sco s i ty a t  50° C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 0  SSU 
Po ur  Po i nt . . . . . . . . . . . . . . . .  · · · · · · · · � · · · · · · 16° C ( 60° F )  
Fl as h Po i nt . . . . . . . . . . . . . . . . . . . . . . .  over 100° C ( 2 12° F )  
Bo i l i n g  Po i nt . . . . . . . . . .  . '  . . . . . . .  over 3 50° F ( 17 7° C )  
Un i chem I n terna t i ona l : Tech n i -H I B7 1 78 
Tec hn i -H I B 7 1 78 i s  h i g h l y  heat s ta b l e ,  fl u i d a t  amb i en t summe r 
temperatu re ,  and  recorrnnended for u s e  i n  a l l s easons , l i ke othe r  
ant i - s tri pp i n g  c hemi ca l s ,  i t  ma kes the, s u rface of road a ggrega te o i l 
wetta bl e .  Th i s  wi l l  cause  th e aspha l t ,  wh i ch i s  hydropho b i. c ,  to 
compl ete ly  coat  the s u rface of the a gg re gate ,  wh i ch i s  hydro ph i l i c . 
By do i n g so , Tec hn i - H I B 7 178 wi l l  reduce th e oxi da ti on of  th e a gg rega te 
s u rfa ce and wi l l  i nc rea se the res i s tance o f  the aggre ga te to s tr i pp i ng 
by the act ion  o f  water . 
Techn i - H I B 7 1 78 i s  a n  i nso l ub l e l i qu i d  i n  water and exh i b i ts 
the fo l l owi n g  � hys i ca l  c ha racteri s ti cs : 
Appea ranee . . . . . . . • . . .  · . . . . . . . . . . . . . . . . da rk :b rown 1 i qu i d 
Bo i l i n g Po i nt . . . . . . . . . . . . . . . . . . . . . . . . . . .  336° F ( 169° F ) · 
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Fl a s h  Po i nt . . . . . . . . . . . . . . . . . . . . . . .  ove r  100° C ( 2 12° F )  
Po ur  Po i nt . . . . . . . . . . . • . . . . . . . • . . . .  � . . . . . .  15° C ( 59° F )  
Dens i ty a t  16° C . . . . . . . . . . . . 1 . 032  gl ee = 8 . 60 l b . / ga l . 
V i scos i ty at  6 0° C . . . . . . . . . . • . . . . . • . . . . . . . . . . . . . .  35 CP  
Arma k Hi ghway Chemi ca l : Red i cate 82 -S 
. Red i ca te 82-S  i s  1 00 percent act i ve ,  heat s tab l e , cat i on i c  
agent 1 i ke the o th e r  cati  a n i  c s u fa ctan ts and when  adde d to a s p ha 1 t 
wi l l  p roduce a wa ter- res i s tant  fi l m  of a s phal t . Fu rthermo re , i t  i s  
h i ghl y hea t  s tab l e ,  hav i n g  exceeded the s tab i l i ty tes t ( 4  weeks  at  
350° F ) . Th i s  add i t i ve meets  the  s tab i l i ty req u i rement s  o f  many 
states and ha s the fo l l owi n g  phys i ca l  p roperti es : 
Appea rance a t  2 5° C . . . . . . . . . . . . . . . .  _ . . . . . .  opaque 1 i q u i d  
Fl as h Po i n t . . . . . . . . . . . . . . • . . . . . . . . . . . . . . 89° C ( 19 2° F )  
Pou r  Po i n t . . . . . . . . . . . . . . . . .  � . . . . . . . . . . . . 0 . 3° C ( 32° F )  
· spec i fi c  Grav i ty a t  2 5° C . . . . . . . . . . . . . . . . . . . . . . . .  0 . 84 1  
V i s co s i ty a t  60° C . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 . 3  CPS 
We i gh t  at 2 5° C . . . . . . . . . . . . . . . . . . . • . . . . . . 7 . 00 l b . / ga l . 
Hydra ted Li me :  
Hydra ted l i me i s  an  acti ve chemi cal wh i ch i s  ve ry fi ne , w i th 
mo re tha n 85 percent pas s i n g the number 3 25 s i eve ( P .  2 ,  1 2 ) � The 
·roo st conmo n 1 y . �sed · hydrated 1 i me as an  ·anti  - s tri pp i ng agent i s  the 
hi gh cal c i um hydroxi de , Ca ( OH ) 2 . 
L i me has  a h i gh de gree of p l a s t i ci ty 
and i s  s l i gh tl y  so l ub l e i n  water , wh i ch h el ps to i on i ze cal c i um i o ns 
in the presence of wa ter . L i me a l so has  a h i gh pH , and when u s ed wi th 
s i l i ceous aggregates , i t  w i l l  adhere s tro ng l y  to the a ggrega te 
pa rti c l es . 
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Res ea rch by P l anche r ,  et . a l . ( P .  16 , 8 )  has i ndi ca ted tha t  i n  
the aspha l t- a ggregate mi x , the ac i ds i n  · a s pha l t mi g.ra tes to the  
aspha l t- aggregate i nterface . Th ese  a c i ds wi l l  fo rm s a l ts wi th th e 
pota ss i um and  sodi um mi n eral , both of  wh i ch a re very often a ssoci a ted 
wi th the s i l i ceou s a ggregates . The sodi um and pota s s i um s a l ts a re 
much mo re wa ter so  1 ub 1 e than  the ca 1 ci  urn s a  1 ts  of the ami no ac i ds . 
Th us , the trea tmen t  of aggregates by hydrated l i me wi l l  re su l t i n  t he  
fo rmati on  of  ca l c i um sa l t at  the i n terface and  g i ve a materi a l  that  i s  
mo re res i s ta nt to wa ter s tri ppi ng  than  sodi um o r  potas s i um sa l ts . 
Hydrated 1 i me h a s  p roven to be the mos t  effe ct i ve metho d o f  
trea ti ng  aggregates . I n  th i s  res earch , rather than addi ng  agg regates 
to the 1 i me s 1 urry ,  hydra ted 1 i me i s  added to wet s u rface-dr i ed 
aggrega �es wi th a 1 . 4  percent concentrat i on ( by wei gh t of  aggrega te ) , 
a mi x i ng  method tha t res u l ts i n  a better coa ti ng a b i l i ty .  Methods of  
treatment by  thi s and o t her  ant i -s tri ppi ng agents a re de scri bed i n  t he  
l a borato ry eval uat i on s ec t i o n  bel ow . 
CHAPTER 4 
PREPARAT I ON OF  TH E MATER I ALS  N EEDED  TO CONDUCT TH E F I E L D  
AN D LABORATORY EXPERIMENTS 
I .  Trea ti ng the Aggregates : 
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Aggregates and emu l s i o ns  treated w i th a nt i - s tri p p i n g  ch emi ca l s  
we re u sed to cons truct  tes t s ect i ons  of  s eal  coa ts  on  the roa d .  The 
Bri t i s h  Po rta bl e Sk i d Tes ter wa s u sed to s tu dy the s k i d  res i s ta n t  
p ro �erti es of  thes e secti ons  u nde r t ra ffi c for t h e  peri od  o f  one  yea r .  
As di s c u s s ed earl i e r , the two methods of  treatments  a re e i th er 
a dd i ng ant i - s tri pp i ng  agents to the aggregate to reve rs e the e l ectri c 
charges at  th e s u rface , o r  a dd i ng  them to the ernu l  s i a n  to g i ve the  
bi nder an  e 1 ec tri c cha rge o ppo s i te to  tha 
.. t of  the  aggrega te s urfa ce .  
Agg regates were treated i n  the l abora to ry , and  emul s i ons were trea ted 
by Ko ch  As p ha l t Refi nery i n  Mi nnea po l i s ,  MN . The s tep-by-s tep p ro ­
cedu res to trea t the  a gg regates a re a s  fol l ows : 
A .  Effect o f  Add i ti ve on Aggrega te We i gh t  - The effect of  add i t i ves  
on  the a ggregates  a l one ( q ua rtz i te and  natu ral  aggregate ) were tes ted . 
Aggregates were thorough l y  was hed wi th water , then dri ed a t  300° F fo r 
5 ho urs . After bei ng  coo l ed a t  room tempera ture , a bo u t  100 g o f  
aggregate wa s soa ked i n  t h e  s o l u ti on ( add i t i ve + so l ven t )  overn i gh t 
( a t  l ea s t  17  ho u rs ) . After th i s  t i me period , the aggrega tes we re 
removed and dri ed _ a t  room tempe ra ture . The wei gh t of  the trea ted a nd 
dri _ed aggregates we re reco rde d .  No s i gn i ff cant we i gh t  l o s s  o r  ga i n 
wa s noti ced . Th i s s i mpl e tes t s howed that  the chemi ca l s  h a ve no 
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reta rdi ng  effect on the phys i ca l  p rope rti es no r do any obv i ous  ha rm to 
the c hemi ca l compo s i t i on of the a ggrega tes . · 
B .  Deta i l ed Steps - I n  o rde r to fi nd a n  economi ca l way to d i l ute the 
concentrated ant i - s tr i pp i ng  chemi ca l , a nd to p repare a sol uti on wh ere 
the a gg rega te can be  s oa ked l ong  enough  to be un i forml y coa ted wi th a 
predete rmi ned amo unt o f  ant i -s tri pp i ng  addi ti ves , ke ros ene wa s u s ed .  
Experi ments were ru n to chec k  fo r the sol ub i l i ty o f  the c hemi ca l s wi t h  
keros ene ( to y i e l d a 1 %  concen trat i o n of the a ddi t i ves wi th res pect to 
the . aspha l t ) . The chemi ca l s  u s ed s howed the fol l owi ng · sol ub i l i ty 
cha racteri st i cs p res ented i n  Tabl e 2 .  The fi rs t th ree chemi cal s from 
Tabl e 2 were c ho sen to treat the a gg regates . 
Qua rtz i te and  natu ral  agg regates were used i n  th i s  s tudy .  
They were used  to cons truct  s amp l es of  s ea l  coa ts on a two -way , 
fou r-l ane a rter i a l  h i ghway wi th a s peed l i mi t  of  35 MPH and  wi th ADT 
va l ue of  2064 VPD/ Lane . To be  compat i bl e w i th the des i gn practi ces of  
the  State of  So uth Da ko ta , the rates of  app l i cati on we re 30 l b/yd2 of  
aggregate and  0 . 3  ga l /yd2 o f  emu l s i on .  Twen ty s tr i p s ecti ons , each  3 '  
x 1 1 ' ,  we re co ns tructed on  the road . A tota l of  2200 pounds  o f  
aggregate were .needed : 1980 were quartz i te a n d  220 were natu ra l  
aggregates . However , t h e  to ta l aggrega tes prepa red were ove r 3000 
po unds , and the rema i n i ng 800 po unds of treated aggregates were saved 
fo r l ater use  i n  1 a bora to ry expe ri me nts . 
1 .  Trea tment wi th  An ti - Str ippi ng Chemi ca l s : Agg re gates were 
wa shed ,  dr i ed i n  the o ve r  at 300° F fo r 5 ·hours , and th en coo l ed a t  
room tempe ratu re . The d i l uted ant i -s tr i pp i n g addi ti ve so l uti on  was 
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Ta bl e 2 .  So l ub i l i ty Characteri st i cs 
of  Anti -Str i ppi ng  Chem i ca l s wi th Kero s ene 
Red i ca te 82- S . . . . . . . . . . . . .  di sso l ve d  we l l  wi th ke ro s ene  
TAA- 3000 . . . . . . . . . . . . . . . . . .  d i sso l ved we l l  wi th keros ene 
Techn i - H I B 7 1 78 . . . . . . . . . . . .  di s so l ve d wel l wi th ke rosene  
Cat i mul s 305 . . . . . . . . . . . • . . di s so l ved wel l wi th kerosen e  
Kl i ng Be ta 2 55 . . .  d i sso l ved after s everal hard s ha k i n gs 
Kl i n g Be ta LV . . . . . . . . . . .  di d not di ssol ve w i th kero s en e  
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des i gned i n  s uch  a way that when the a ggregate i s  soa ked i n  the 
so l uti on ,  i t  wi l l  be  co ated w i th the agent at a rate eq ual  to  1 
pe rcent o f  the  amount o f  a spha l t to b e  u sed i n  the mi x .  Based o n  th i s  
dosa ge l i mi t ,  the amount  o f  ch emi cal  needed wa s determi ned .  Then , 
so l ut ions  o f  thes e chemi ca l s w i t h  ke ro sene we re made wi th a ra ti o of 
12 . 7  g of add i ti ve to 100 g of kerosen e .  Th i s  rat i o  y i e l ds a co n­
centrati on o f  1 gram o f  add i t i ves to  each  9 9  grams of as phal t .  After 
the  aggregates we re coo l ed to room temperature , th ey were pou red  o n  a 
4 foot  by 4 foot  by 6 i nch boa rd · ( Fi gure 5 ) , approxi matel y 150 po unds 
at a t i me .  Th en the so l u t i o n  was added to the aggregate and was mi xed 
ge nt ly , covered w i th s tro n g  pl a st i c  s heets to avo i d evaporat i on , and  
wa s set overn i ght  i n  th e so l u t i o n  ( at  l east  1 7  ho urs ) . T he  next day , 
the so aked agg regate wa s ta ken out  and  spread on the fl oor to dry a t  
room tempe rature . Strong  p l a s ti cs we re l a i d  under the  aggregate to 
avo i d  contact wi th the ground  ( F i gu re 6 ) . The process  was repea ted 
fo r a l l the aggregates  t rea ted wi th  chemi ca l addi t i ves . After dry i n g , 
they were pac ked i n  30- pound  p l a s t i c bags ( Fi gu re 7 )  and saved for 
l ate r u s e  i n  con s truc ti n g  va r i o u s  test secti on s .  
2 .  Trea tment wi th Hydrated L i me : Prel i mi na ry tes ts u s i n g 
l i me s l urry and  powder form were uti l i zed .  The fi rs t one  wa s rej ect­
ed , and i ns tea d , hydrated l i me wa s added to wet s u rface aggre ga tes and 
then mi xed to coat the  s u rface . The wet s urface-dri ed agg regate 
method wa s c ho sen  beca u se , as noted above i n  the l abo ra to ry tes t i n g ,  
l i me coa ti ng o n  the wet a gg r:egate s u rfa ce f s  fa r better than addi n g  
aggrega te i nto l i me s l urry a n d  mi x i ng i t . 
F i gure 5 . Trea tment o f  Aggrega tes wi th Anti -Stri ppi ng C hemi ca l s .  
4 1  
F i gure 6 .  Trea ted A gg rega tes were dri ed a t  s urface temperature . 
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F i 9 ure . 7 .  Materi a l s prepared for t h e  fi el d te s t i ng . 
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100 pounds  of  wet s u rface- dri ed · a ggregate wa s pou red  i nto a 
drum ( Fi gu re 8 ) , and  hydrated l i me wa s a l so . added i n to the drum wi t h  a 
concentrat ion  o f  1 . 4 percen t total  w� i ght  bas i s . The l i d was p l aced 
on and the drum wa s ro ta ted fo r 5 mi nu tes . The treated a gg rega te wa s 
th en ta ken out  and s urface- dri ed . A to ta l  o f  440 pounds of q ua rtzi te 
wa s treated wi th hydrated 1 i me  and  s urface-dri ed . Th en i t  wa s put  
i nto 30- po und p l a s ti c ba gs and  saved fo r l ater u s e  i n  co nstructi ng the  
tes t  s_ecti ons . 
I I .  Treati ng the Emu l s i ons : 
Cati on i c  emul s i ons  used  to conduct th i s  resea rch were p rov i ded 
and treated by the Koch  As phal t Refi nery · i n  M i nnea pol i s .  The con­
centrati on of  the chemi ca l s u sed to treat the emu l s i ons  were 1 . 0  
percent , · based o n  the wei ght o f  th e asphal t cement . Tab l e  3 s hows the 
l i s t  of  the emu l s i o n s  p rov i ded by the Koch  As pha l t Refi nery .  
F i g ure 8 .  Drum used to mi x hydrated l i me wi th aggregate . 
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Ta bl e 3 .  Emul s i ons  P ro v i de d  by the 
Koch  As pha l t Refi nary 
CRS-2  . . . . . . . . . . . . . . . . . . . . . .  no anti - s tri ppi n g  add i t i ves  
HFRS-2  . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . •  h i gh fl oat 
CRS- 2 . . • . . . . . . . . . . . . . . . . . . . . . treated w i th  I ndu l i n  AS- 1  
CRS- 2 . . . . . . . . . . . . . . . . . . . . . . trea ted wi th Tech n i -H I B7 178 
CRS- 2 . • . . • . . . . . . . . . . . . . . . . . .  trea ted w 1 th Red i ca te 82-S 
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CHAPTER 5 
LABORATORY TEST I NG OF  TH E QUARTZ I TE ' S  SUSCE PT I B IL I TY TO MOI STURE 
One of the mo s t  i mpo rta n t  facto rs i n  a spha l ti c pa vement wea r ,  
a s  menti oned ea rl i er ,  i s  mo i s tu re wh i ch  can en ter i nto the pavement  
befo re cons tructi on due to  i mp roperl y dri ed a ggregates or  after 
cons tructi on  th rou gh s hou l de rs , c rac ks , o r  percol at ion  from the wa ter · 
ta bl e , - etc . One way o r  a no ther , water gets i nto the pa vement . B ut 
how effecti ve i s  the pa vement res i s tance a ga i n s t  mo i s tu re?  How much 
a re the anti -str i ppi n g  chemi cal s hel pful  i n  redu c i n g  the mo i s tu re 
damage? And wh i ch comb i na t i on of  the agg regate-emu l s i on -ant i -s tri p­
pi ng a gents wi l l  res u l t i n  the mo st s ta bl e and  durab l e mi x at the 
presenc� of  wa ter? Con s i deri n g  thes e q uest i ons , fi rst an  experi ment  
wa s run wi th the  Texa s Bo i l i ng Tes t ,  u s i ng emu l s i ons  i ns tead of hot  
mi xes , and  secon dl y ,  a l abo ratory mo i s ture i mmers i on was devel o ped . 
A .  Texas Bo i l i ng Tes t - Th e Texas Bo i l i n g  Tes t  i s  a me thod whi ch 
eva 1 uates the mo i s tu re s usc epti  b i  1 i ty an'd s tri ppi ng  of  a s pha 1 t-aggre­
gate mi xes wi th and  wi thout  ant i - s tr i pp i ng agents . In  th i s  tes t ,  a 
v i s ual obs ervati on i s  ma de o f  the  e xtent  of s tri ppi ng  of aspha l t  f rom 
the aggregate s u rface whi  1 e th e mi x i s  be i ng s ubjected to bo i 1 i n g  
wa te r fo r a s pec i f i c  t i me peri o d  ( P . 1 7 ,  2 1 ) . The tes t was o� i g i na l l y  
done u s i ng a hot mi x o f  a s pha l t i c  cement , but i n  th i s  res earch · a co l d  
mi x wi th emul s i o n s  i s  used  i ns tead . . Th i s  modi fi ca ti on of  th e Texa s 
Bo i 1 i ng Tes t  thus  a 1 1  ows fo r a . compa ri son between the functi ons  and  
beha v f o rs of the  two types o f  mi xes . 
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I n  thi s tes t ,  1 00 g of  a ggregate were heated a t  325° F for 
1 - 1/ 2  hours . A j a r  o f  emul s i o n  wa s heated a t  200° F fo r 1- 1/ 2 ho u rs . 
Afte r heat i ng both mater i a l s ,  7 . 7 g o f  emu l s i on  was a dded to the 100 g 
o f  a gg regate and  mi xed rapi dl y wi th a kn i fe .  The mi xture wa s trans ­
fe rred o nto · a p i ece o f  a l umi num paper and cool ed at  room temp e rature 
fo r 2 ho u rs . A 1000 ml bea ker  was hal f fi l l ed w i th d i s t i l l ed wa ter 
and wa s heated to bo i l . The mi x was then a dded to the · bo i l i ng wa ter 
and  wa s rebo i l ed w i th i n  2-3  mi nutes . It  was ma i nta i ned at a medi um 
bo i l  for 10 mi nutes . Th e s tr i p ped  a s phal t wa s ki mme d  o ff th ree t i me s  
duri n g  th i s  t i me i nte rval . Th e a ppearance o f  the mi x i n  the bo i l i ng 
wa ter after 10  mi nu tes  s howed the s tr i pp i ng cond i ti on s  of  the a ggre­
gates trea ted wi th d i fferent chemi cal s ,  revea l i ng that co l d  mi xtures 
wi th emul s i ons  cannot res i s t  mo i s tu re damage a s  wel l a s  the hot 
mi xtures . Thu s , th e expe ri me nt di d not y i el d s ati s factory res u l ts ,  
ma i n l y  because emul s i on wa s u s ed a s  the b i nde r i ns tead of  a s phal t 
cement . Th i s s howed that the Texas Bo i l i ng Te st  i s  o n l y  appro p ri ate 
fo r hot mi xes whe re aspha l t cement  i s  the '  b i nde r  materi al . 
B .  Mo i s tu re Irmne rs i o n  Tes t  - The fol l owi ng  moi s ture i mme rs i o n  tes t 
was- devel o ped to _determi ne the o pti mum mi x* . 
*The mois tu re s uscepti b i l i ty tes t was done - after the s k i d res i s ta n t  
cha racteri st i cs  of  t h e  f i el d tes t  fo r the Fa l l  s eason we re eval ua ted . 
Thus , the sel ection  of  the comb i na t i on o f  the b i nde r  and  the aggregate 
fo r the mo i stu re tes ts were bas ed on the mo re feas i b l e  mi xes i n  the 
fi e l d tes ts . Those  mi xes w i th the h i gher s k i d  numbers were rega rded 
as the mo re fea s i b l e mi xes . 
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1 .  Scope 
Th i s  tes t wa s u s ed to eval uate mo i s tu re suscept i b i l i ty o f  the  
seal  coa t sampl es where e i the r  a gg regate or  emul s i on we re trea ted wi th 
anti - s tri pp i n g addi t i ves ( s ee Tab l e 4 on Page 5 6 ) . 
2 .  Appa ratus 
( 2 . 1 )  6 1 1 x 6 11 x 1 1 1 s tee l frame , a s  s hown i n  Fi gure 9 :  Th i s  
s teel frame was u s ed to b u i l d  the s ea l  coat samp l es .  Shown on the 
bottom of  the s tee l frame i s  a s quare b l ock  tha t  fi ts to the botto m  of 
the s tee l frame . 
( 2 . 2 )  6 1 1 x 6 11 a spha l t s h i ngl es : These a sphal t s h i n gl es , 
wh i ch were used to represent the pavement s urface , s houl d b e  adj u s ted 
to fi t i ns i de the s teel frame . 
( 2 . 3 )  Compa ct i on equ i pment : Th i s  i s  a compacti on  mac h i ne 
ca pabl e o f  compa cti ng  the 6 1 1 x 6 11 seal  coat s amp l es  un i forml y a t  45  
p s i . 
( 2 . 4 ) Ru bbe r  t i res : Rubber t i res wh i ch were u sed to rep re­
sent the veh i cl e t i re s  on  the roa d  were ,cut i nto 6 1 1 x 6 11 and  atta ch ed 
· to the bottom o f  the compacti o n  mo l d ,  as s hown i n  Fi gure 10 . 
( 2 . 5 )  Ba l a nce : A ba l a nce wi th a capac i ty of  5 kg tha t i s  
sens i t i ve to 0 . 1 g ram wa s used . 
( 2 . 6 )  Oven : . An e l ectr i c oven ca pabl e of  mai nta i n i ng a 
tempe ra tu re o f  105° F wa s u sed to h eat  the emul s i on s , a nd an el ectr i c 
o ven ca pa bl e o f  mai nta i n i ng a temperature of  325° F was used to dry 
the l oo se aggregates a fter they we re ta ken out  o f  the mo i s ture . 
F i g ure 9 .  6 "  x 6 "  s teel  frame used to bu i l d  sampl e sea l coats i n  
the l a b .  
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Fi gure 10 . Rubber t i res representi ng the veh i c l e ti res on  
the  road ,  atta c hed to  the  bottom of  the  compa ct i on 
mo l d .  
5 1  
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( 2 . 7 )  6 1 1 x 6 1 1 sha rp- edged s teel  frame : Th i s  frame wa s used  
to s p read emu l s i on when  i t  was po u red on  the  aspha l t s h i ngl es wh i ch 
were a l ready p l aced i ns i de the s teel frame , as  s hown i n  Fi gure 9 .  
( 2 . 8 ) Hea ti n g  pa n : Th e water heati n g  pan capa b l e o f  ma i n ­
ta i n i ng a temperature of  200° F wa s u sed to keep the s ha rp-edged st eel 
frame i n  i tem ( 2 . 7 )  i n  the hot water . 
( 2 . 9 )  Hot water bath : A ho t water bath as s hown i n  Fi gu re 
1 1 ,  capabl e of ma i ntai n i ng  a temp era tu re of 72° F o r  h i gher  wa s us ed 
to s ubmerge the s ea 1 coat s amp 1 es . The hot water bath was u sed to 
repres ent the ra i ny s ea son when  thP. pavement surface becomes s ubj ected 
to wa ter .  The weather reco rd at the tes t l oca t i o n  i n  So uth Da kota 
i n di ca ted tha t the h i ghes t reco rded temperature fo r the ra i ny s ea so n ·  
du ri n g  the p rev i o us 2 3  yea rs was 7 2° F .  Thus , s i nce i n  any des i g n 
j o b , one  s ho u l d des i gn fo r the wo rs t ca ses , th e rat i ona l e wa s to 
i mme rse  the sampl es i n  wa ter at 72° F fo r th i s  tes t l ocati o n .  
( 2 . 10 )  Z i p l oc k  p l a s t i c bag s : As s hown i n  Fi gure 12 , the s e  
bags were u s e d  t o  p revent the  s ampl es from mi xi ng  wh i l e  i n  t h e  wa ter . 
The bags s hou l d be  s emi -open to a l l ow fo r water to reach the sampl es . 
Fu rthermo re ,  ca re _ s hou l d be  ta ken not to l et any l oo s e  a gg re gate get 
out  of  the pl a s ti c bags . 
3 .  Preparati on  of  Tes t - Materi a l s 
· I t  i s  i mpo rtant  to noti ce i n  thi s test that i n  comb i n i ng 
aggregate and - emu l s i on , o n l y  one  o f  the two i s  treated . Anti - s tr i p­
pi ng add i ti ves a re added to con ve rt the s ur�ace el ectr i c  c ha rge from 
negati ve to po s i ti ve .  Fu rthermo re , to ach i eve a better bon di n g  
Fi g ure 1 1 .  Hot water bath  used for the Moi s ture Immers i on Tests . 
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F i g ure 12 . Samp l e s  ready for Moi sture Immers i on Tes t . 
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between as ph a 1 t and  a gg regate i n  the mi xi n g  proces s , the b i nd i ng  
ma teri a l s s hou l d be of oppo s i te s u rface el ectri c cha rges . 
These materi a l s a re s hown o n  Tab l e  4 .  To ma ke s u re tha t  the 
b i nde r  mater i a l s do not have s i mi l a r  s u rface charges , the fo l l owi n g  
comb i nati on  of  s ecti ons were c ho s en from Tabl e 4 :  I N ,  IO , I P , I Q ,  JN , 
JO , L N , LO , MN , MO , KN , KO , KP and  KQ . The fi rs t l etter of the two 
l etter names i s  cho s en from the l eft s i de of Tab l e 4 and  the s econd 
l ette� from th e ri ght s i de .  
( 3 . 1 )  P repa rat i on o f  aggregates : Th e trea ted a ggrega te wh i ch 
were p re v i  sou l y p repa red were u sed here to conduct the moi s tu re 
i mme rs i o n  tes t . As s hown i n  Fi gu re 13 , each expe ri me nta l s ecti on  
rece i ved 37 1 g of  the  treated aggregate , wh i ch i s  equ i va l en t to  30 
1 bs/yd2 . 
( 3 . 2 )  Prepa rati on  o f  emu l s i o n : The s ame emu l s i o ns u s ed for 
the fi el d tes t were u sed h e re . Th i rty- two g of emul s i on whi c h  y i el ded 
a ra te of  0 . 3 ga l /yd2 were pre pa red fo r each s ecti on . S i nce the  
p racti ca l appl i cati o n  o f  s ea l  coa ts req u i re hea t i n g  emu l s i o n s  up  to 
105° F ,  thes e ernul s i  ons  were the refo re sto red i n  the o ven a t  105° F 
fo r 2 ho urs befo re bei ng  u s ed .  
4 .  Tes t  Procedu re 
( 4 . 1 ) The prepa red emul s i on wa s po ured on the s h i flgl e and  
pl aced i ns i de o f  the  6 1 1 x 6 11 x 1 1 1 s teel p l ate . 
( 4 . 2 ) The p repa red a ggrega te wa s then added , s pread 
un i forml y ,  and i mmed i a tel y compacted at  45  ps i at  fo ur  po s i ti on 
sett i n gs . 
I .  
J .  
K . 
L .  
M .  
TABLE  4 .  VAR IATION  OF MATERIALS USE D  TO BU I LD 
THE EXPERIMENTAL S ECTI ONS 
AGGREGATE  EMULS I ON 
Pl a i n  Quartz i te N .  Pl a i n Emu l s i on 
Qua rtz i te Trea ted wi th 1 i me 0 .  H i gh Fl oat  Emu l s i o n  
Natu ral  Aggregate P .  Emul s i on Trea ted wi th 
Techni - H I B7 1 78 
Quartz i te Trea ted wi th  
TAA- 3000 Q .  Emul s i on Trea ted wi th 
Redi cate 82 -S 
Quartz i te Trea ted wi th 82-S 
56  
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F i gure 1 3 .  Aggregates were prepa red for  the Moi s ture Irrmers i on Tes t s . 
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( 4 . 3 }  The compacted samp l es  were then ta ken o ut of the frame 
and dri ed a t  room temperatu re fo r 24 hours wi th a b l ow i ng fa n ,  as 
s hown i n  Fi gure 14 . 
( 4 . 4 ) After 24 hours , the exces s a ggregate wa s s ha ken o u t  and  
the  edges of  the  sampl es were c l eaned o f  l oose  aggrega tes . Each 
sampl e was then we i ghed , and the we i ght wa s reco rded . 
( 4 . 5 )  The samp l es we re p l a ced s eparate ly  i n s.i de the Zi p l ock  
pl a sti c ba gs fi l l ed wi th di s ti l l ed wate r and soa ked in  the  hot wa ter 
ba th at  72° F ,  as s hown i n  Fi gu re 1 5 . 
( 4 .  6 )  After 48 hours , each s amp 1 e was ta ken out  of  the 
pl a s ti c  ba g .  The l oo se aggrega tes we re s epa rated by rubb i ng o n e  hand 
gently  agai n s t  the  s ampl e s urface a s  s hown in  Fi gure 16 . Th en the 
sampl e �a s pu t ba ck  i n s i de the p l a s t i c bag , fi l l ed wi th water , a nd 
i mme rsed i n  the hot wate r bath fo r a nother 48 ho urs . 
( 4 . 7 )  The l oose  aggregate pa rti cl es we re carefu l l y  co l l ected 
and  dri ed i n  the o ven  at  300° F fo r about  30 mi nutes . Then they we re 
wei ghed and reco rded . 
( 4 . 8 )  The mo i s tu re i mme rs i on and rubb i n g  process ( s teps 4 . 5 
th ro ugh 4 . 7 ) wa s. _ repea ted fo r a l l s ampl es unti l there wa s no further 
wei ght l os s . 
Ta bl e 5 s hows the cumu l a ti ve wei gh t l o s s  and the ti me ta ken to 
reach  s tabi l i ty fo r eac h  sect i on . Th e we i ght l os ses fo r each treat­
ment aga i ns t  t i me a re p l o tted i n  Fi gu res 17  through 30 . As ment i oned 
ea rl i e r ,  th i s tes t  wa s deve l o ped to dete nri i n e  the mo s t  s ta b l e and  
du rab l e  mi x at the  p res ence o f  wa ter .  The  t i me i tse l f  i s  no t tha t 
F i gure 14 � 6 1 1  x 6 1 1 samp l e sea l coa ts were dri ed 
at room tempera tu re . 
59 
F i gure 15 . Sampl es  i n  wa ter i n s i de the hot wa ter bath . 
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F i g ure 16 . Methoq o f  remov i n g  the moi s ture- s tri ppi ng  s u s cep ti b l e 
aggregate . 
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TABLE 5 .  
OBS TREAT 
1 EMUL+Q 
2 E HU L+Q 
3 E MU L+Q*H . L I ME 
4 £MUL +Q*H . L I ME · 
5 [MUL+N . A .  
6 £HtJ L+ N . A . 
7 [HUL+Q* TAA- 3000 
8 EMU L + Q * R £ 0 . 82 - S  
9 EHUL+Q*H £ 0 . 8 2 - S 
1 0  tt f . EMU L+Q 
1 1  It f .  EMUL +Q*H . L l  ME 
1 2  II F . EMU L+Q* H . L I H£ 
1 3  H f . EHUL+N . A . 
1 4  li f . £HUL+N . A . 
1 5  H f . EMUL+Q* TAA- 3000 
1 6  H F . EHUL+Q * T AA- 3000 
1 7  H f . EHUL+Q*R£0 . 8 2 - S  
1 8  H F . EMUL+Q* R E 0 . 8 2 - S  
1 9  EHUL* tt7 1 7 8 + Q  
20 £MUL*It 7 1 7 8 +Q 
2 1  EMUL*tt 1 1 7 8 + N . A .  
22 EHUL*U 7 1 7 8 +N . A . 
2 3  EHU L * 8 2 • S+Q 
211 E HU L * 8 2 · S+Q 
25 EHU L * 8 2 · S+N . A . 
26 EHUL*82- S+N . A . 
Cumu l a t i ve We i ght los s i n  Grams and the Ti me Ta ken i n  Hou rs to Reach Sta b i l i ty. 
SAS 2 1 : 08 SUNDAY , MAY 1 9 ,  , · · 
I NWT lOSS48 LOSS96 LOS S 1 44 LOSS 1 92 LOS S240 LOSS288 T I ME CUHLOSS 
24 2 . 3  2 . 9  2 . 2  1 . 0 1 .  0 1 . 1  0 2 4 0  8 . 2  
2 3 9 . 7  2 . 0  1 . 8 1 .  4 0 . 8 1 .  5 0 2 1• 0  1" .  5 
226 . 9  2 . 9  1 . 0 1 . 1  1 . 7 0 . 3 0 2 '• 0 7 . 0  
2 1 6 . 1 4 . 6  1 .  8 2 . 3 0 . 8  0 . 4  0 2 4 0  9 . 9  
2 4 4 . 1 8 . 8  4 . 9  1 . 6 1 .  2 0 . 5 0 2 4 0  1 7 . 0  
2 1 5 . 4  6 . 9  1 . 1  0 . 7 1 .  7 0 . 0  0 1 9 2 1 0 . '• 
247 . 4  1 3 . 6  1 1 . 8 3 . 3  � . 8 2 . 0  0 2110 3 2 . 5 
22 2 . 1 4 . 6  IL 6 1 . 0 2 . 0  1 .  0 0 2110 1 3 . 2  
2 J IL 6  6 .  1 5 . 0  1 . 6 2 . 2  0 . 9  () 21 10 1 5 . 0  
24 "1 . 4 1 1 . 7 1 4 . 4  1 . 5  1 . 0 0 . 0  0 1 9 2 2 8 . 6  
226 . 3 3 . 6  8 . 8  8 . 7 0 . 3 0 . 0  0 1 9 2 2 1 . 4  
2 3 7 . 4  9 . 3 1 0 . 9  6 . 0  0 . 6  0 . 0  0 1 9 2 26 . 6  
24 3 . 8  4 . 9  9 . 6  6 . 6  2 . 2  0 . 0  0 1 9 2 2 3 . 3  
25 6 . 4  8 . 7  9 . 2  3 . 3  0 . 4  0 . 0  0 1 9 2 2 1 . 6  
22 9 . 6  1 6 . 4  8 . 5  2 . 5  0 . 5  o . o  0 1 9 2 2 7 . 9  
2 1 5 . 3 7 . 8  9 . 3 4 . 0  0 . 5 0 . 0  0 1 9 2 2 1 . 6  
242 . 1 1 4 . 6  1 4 . 0  3 -. 2  0 . 3 0 . 0  0 1 92 3 2 .  1 
2 3 7 . 3  1 9 . 0  1 3 . 3  4 . 8  0 . 6 0 . 0  0 1 9 2 3 7 . 7  
2 3 5 . 0  3 . 7  11 . 3  1 .  5 1 . 0 o . o  0 1 9 2 1 0 . 5 
2 3 3 . 11  3 : 9 1 5 . 8 0 . 5  0 . 11 0 . 0  0 1 92 2 0 . 6  
211 8 . 3 5 . 11 6 . 11  1 . 2 o . o  0 . 0  0 1 11 11 1 3 . 0  
260 . 3 7 . 0  5 . 6  1 . 1  0 . 0  0 . 0 0 1 11 11  1 3 . 7  
22 8 . 4  7 . 7  3 . 0  0 . 7  0 . 0 o . o  0 1 11 4 1 1 . 11 
2 3 5 . 6  1 2 . 7 9 . 8  0 . 7  0 . 0  0 . 0  0 1 4 11 2 3 . 2  
2 5 0 . 7 11 . 9  2 . 6  0 . 7  0 . 3 o . o  0 1 92 8 . 5  
2 3 5 . 6  5 . 8  2 . 4  0 . 5  o . o  0 . 0  0 1 lf 4  8 . 7  
()) 
N 
TABLE 6 .  The A ve rage Cumul a ti ve We i g ht Loss  i n  G.rams 
a nd the Ti me Ta ke n i n  Hours to Rea ch Sta bi l i ty 
for ea ch Trea tmen t. 
SAS 
ANALYS I S  O F  VAR I ANCE PROC EDURE 
M EANS 
T R EAT N CUM LOS S  T I ME 
EMU L+N . A . 2 1 3 . 700 2 1 6 . 000 
EMU L+Q 2 7 . 850 240 . 000 
EMU L+Q*H . L I ME 2 8 . 450 240 . 000 
EMU L+Q*R ED . 8 2 - S  2 1 4 . 500 240 . 000 
EMU L+Q*TAA- 3000 1 3 2 . 500 240 . 000 
EMUL*H7 1 78+N . A . 2 1 3 . 3 50 1 44 . 000 
EMU L*H7 1 78+Q 2 1 5 . 5 50 1 92 . 000 
EMU L*82 - S+N . A . 2 8 . 600 1 68 . 000 
EMU L*82- S+Q 2 1 7 . 3 00 1.4 4 .  000 
H F . EMU L+N . A . 2 22 . 450 1 92 . 000 
H F . EMU L+Q 1 . 28 . 600 1 92 . 000 
H F . EMU L+Q*H . L I M E 2 24 . 1 00 1 92 . 000 
H F . EMU L+Q*RED . 82 2 3 4 . 900 1 92 . 000 
H F . EMU L+Q*TAA- 3 0  2 24 . 750 1 92 . 000 
6 3  
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TABLE 7 .  Wa l l er  Test for Sorti ng the Means of the 
Wei ght  Losses for Di fferent Treatments . 
M EANS W I TH T H E  SAME LETTER AR E NOT S I GN I F I CANT LY D I F F E R E NT . 
WALLER GROU P I NG M EAN N TR EAT 
A 3 4 . 900 2 H F . EMU L+Q* R E D . 82 
A 
B A 32 . 500 EMU L+Q*TAA- 3000 
B A 
B A c 28 . 600 H F . EMU L+Q 
B c 
B 0 c 24 . 750 2 H F . EMU L+Q*TAA- 3 0  
B 0 c 
B 0 c 24 . 1 00 2 H F .  EMUL+Q* H . . L I M E 
0 c 
E 0 c 22 . 450 2 H F . EMU L+N . A . 
E 0 
E 0 F 1 7 . 300 2 EMUL*82- S+Q 
E 0 F 
E 0 F 1 5 . 550 2 EMUL*H7 1 7 8+Q 
E F 
E F 1 4 . 500 2 EMU L+Q* RED . 8 2 - S  
E F 
E F 1 3 . 700 2 EMUL+N . A . 
E F 
E F 1 3 . 3 50 2 EMU L*H7 1 78+N . A . 
F 
F 8 . 600 2 EMU L*82- S+N . A .  
F 
F 8 . 450 2 EMU L  +Q* H . L l  M E  
F 
F 7 . 850 2 EMU L+Q 
6 5  
TABLE 8. Wa l l er Test for Sort i ng the Means of the 
Ti mes Taken i n  Hours to Reach the Sta bi l i ty 
for Di ffe rent  Treatments . 
M EANS W I TH T H E  SAME LETTER ARE NOT S I GN I F I CANTLY D I F F ER E N T . 
WALLER GROU P I NG M EAN N TR EAT 
A 240 . 00 2 EMU L+Q*R ED . 8 2 - S  
A 
A 240 . 00 2 EMU L+Q 
A 
A 240 . 00 2 EMU L +Q*H . L l  M E  
A 
A 240 . 00 EMU L+Q*TAA- 3 00 0  
A 
B A 2 1 6 . 00 2 EMU L+N . A .  
B 
B c 1 92 . 00 2 H F . EMU L+Q*R E D . 82 
B c 
8 c 1 92 . 00 2 EMUL*H7 1 78+Q 
8 c 
8 c 1 92 . 00 H F . EMU L+Q 
8 c 
8 c 1 92 . 00 2 H F . EMU L+Q*H . L I ME 
8 c 
8 c 1 92 . 00 2 H F . EMUL+N . A . 
8 c 
8 c 1 9 2 . 00 2 H F . EMU L+Q*TAA- 3 0  
c 
D c 1 68 . 00 2 EMU L*82 - S+N . A . 
D 
D 1 44 . 00 2 EMU L*82- S+Q 
D 
D 1 44 . 00 2 EMU L*H7 1 78+N . A . 
c 
u 
· H 
u 
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F IGURE 1 7 .  Pl ot o f  the Cumul ati ve Wei ght Los s vs . Ti me Taken to Reach Stabi l i ty .  
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F I GURE 1 8 .  P l ot of the Cumul ati ve Wei ght los s  vs . Time Taken to Reach Stabi l i ty .  
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F IGURE 19 .  Pl ot of the Cumul ati ve Wei ght los s  vs . Ti me Ta ken to Reach Stabi l i ty .  
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FIGURE 20 . P l ot of the Cumul ati ve Wei ght loss  vs . Ti me Taken to Reach Stabi l i ty .  
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FIGURE 2 1 .  Pl ot of the Cumul ati ve Wei ght  loss vs . Ti me Taken to Reach Stabi l i ty .  
2 8 8  
....... 0 
c 
u 
M 
u 
6 0  
L 4 0  
A 
T 
1 
v 
E 
L 
0 
s 
s 
G 
R 
A 
M 
s 
T R E A T - H F . E MU L + O  
A 8 96 1 4 4 1 9 2 2 4 0  2 8 8  
T I ME - HO U R S 
F IGURE 22 . P lot of the Cumu l at i ve We i ght los s  vs . ·Ti me Taken to Reach Stab i l i ty .  
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FIGURE 23 . Pl ot of the Cumul ati ve Wei ght loss vs . Ti me Ta ken to Reach Stabi l i ty .  
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F IGURE 24 . P l ot of the Cumul at i ve Wei ght los s  vs . Ti me Taken to Reach Stab i l i ty .  
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FIGURE 2 5 .  P l ot of  the Cumul ati ve Wei ght Loss vs . Ti me Taken to  Reach Stabi l i ty .  
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FIGURE 26 . P l ot of the Cumul ati ve Wei ght los s  vs . Ti me Ta ken to Reach Sta bi l i ty .  
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F I GURE 2 7 .  P l ot of the Cumu l ati ve Wei ght loss  vs . Time Taken to Reach  Stabi l i ty .  
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FIGURE 28 . Pl ot of the Cumul ati ve Wei ght  Lo s s  vs . Ti me Taken to Rea.ch  Stabi l i ty .  
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FIGURE 29 . Pl ot of the Cumul ati ve \�ei ght loss vs . Ti me Taken to Reach Stabi l i t,y .  
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FIGURE 30 . Pl ot of the Cumul ati ve �Ie i ght loss vs . Ti me Taken to Reach Stabi l i ty .  
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F IGURE 3 1 . Pl ots of the Pri mary Feasi bl e  Treatments . 
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· F IGURE 32 . Pl ots of the Secondary Feas i b le  Treatments . · 
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FlGURE 33 . Pl ot of Moi s ture·Suscepti  b i  1 1  t.Y Tests for 01 fferen t  Treatments . 
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s i gn i fi cant here because  the  l a rges t t i me ta ken to  reach s ta b i l i ty i s  
240 hours . Th i s t i me peri od , i n  compa ri son · to the actual  l i feti me o f  
a pavement , i s  fi n i te and too s mal l to s erve a s  a bas i s  of  compar i son . 
What i s  i mportant  here , however , i s  the s tab i l i ty o r  the a b i l i ty o f  
the mi x t o  res i s t mo i s tu re damage unde r traff i c . When the re i s  
aggregate l oss , tha t means  that the fr i cti ona l  res i s tance  between the 
aggregate pa rt i c l es and a l so the s u rface-free energy at  the a s pha l t ­
aggregate i nte rface , have become wea kened by the mo i s tu re . I n  a 
sens e , wha t ha s happened here i s  that the mo i s ture ha s rep l aced the 
a s pha l t fi l ms a t  the i n terface . Th u s , the bond between that p a rti ­
cu l a r aggregate and the s u rro undi ng a s phal t_ i s  b ro ken ; and  the refo re ,  
s t ri pp i ng  o f  a spha l t from the aggrega te has  occu rred . 
Th e ant i - s tr i pp i n g  a gents whi ch are used i n  the tes t to 
i mpro ve the · bond i ng forma t i on , as menti oned befo re ,  a re so l ub l e i n  
ernul  s i on s  and adhere to the a gg regate s urfa ce . Th eo re ti ca l l y ,  these  
a gents s ho u l d rep l ace wa ter fi l ms at  the asphal t- agg rega te i nterfa ce 
. ' 
and hel p reduce the s tri pp i ng p rob l em . 
From o bs e rvati o n  o f  Ta bl es 5 , 7 ,  8 a nd Fi gures 3 1 ,  32 , and 3 3 , 
one can concl ue · .tha t  addi n g  Quartz i te a nd p l a i n  cat i on i c emu l s i on ca n 
prov i de the most  o pti ma l  mi x .  Al so , the sma l l amount  of wei gh t l o s s  
i n  the treatment  o f  q ua rtz i te wi th hydra ted l i me i n di ca tes that 
hydrated l i me i s  a good candi date i n  reduc i ng the moi s tu re s tr i pp i n g  
probl em .  
Bu t from the same tabl es a n d  fi gu res , i t  can be  s een that 
addi  n·g qua rtz i te trea ted wi th Redi  cote 82-S to H i gh Fl oa t Ernul s i o n  
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wi l l  a l so res u l t i n  the l ea s t  favorab l e comb i nat i on beca u s e  i t  ha s the 
h i ghes t we i ght l o s s  ( 34 . 9  g ) befo re becomi n g  s ta b l e i n  wei g h t .  Tab l e 
7 and Fi gure 3 3  bes t i l l us trate the o rder of pri ori ty i n  choo s i n g the 
most favorabl e comb i nat i on s tarti ng w i th the l east  wei ght l os s .  I n  
F i gure 3 3  es pec i a l l y ,  th e l i nes p l otted w i th b l ack  i n k a re mo re 
favorabl e beca us e  o f  thei r s ta b i l i ty chara cteri s ti cs , and  the l i nes 
p l otted w i th red i n k  are the l es s  favo rab l e ones beca use  of the i r l ow 
s ta bi l i ty cha racteri s ti c s  and  h i gher wei gh t  l o sses . 
I ntroducti on : 
CHAPTER 6 
F I E LD TESTI NG 
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S l i ppery pavements have been known to exi s t  eve r s i nce  paved 
roads were b u i l t , but neve r  cau sed a great concern unti l s k i dd i n g  
acci dent ra tes i nc rea sed d ue t o  h i gher  speeds , h i gher tra ffi c dens i ty ,  
and h i ghway des i g ns favorab l e to a grea t number o f  yo ung and mo re 
i mpa ti ent dri vers . As a res u l t the fri cti onal  requ i rement neces s a ry 
to keep the vehi c l es on  the i ntended path , o r  i n  a des i red po s i ti on ,  
had to be cha nged to a h i gher va 1 ue . The fact i s  that the h i gher  
n umbe r  o f  ca rs o n  the  road , and  th�i r h i gher s peeds , res u l t i n  a n  
i ncrea s� i n  t h e  number o f  acc i dents ; therefore , s k i ddi n g  acci den ts 
wi l l  become a mo re seri ous  i s s ue .  I n  the de s i gn o f  h i ghways , i t  i s  
now becomi n g  p racti ca l  to bu i l d  pa vements whi ch are h i gh l y  s k i d­
res i s tant .  
Sk i d  res i s tance i s  1 1 the fo rce deve l o ped when a t i re that 
p revented from rota t i n g  s 1 i des a 1 ong  pavement s u rface , .  ( P .  3 5 , 1 1 ) . 
More commonl y ,  s k i d  res i s tance i s  a pavement property , o r  bette r ,  i t  
i s  a mea ns o f  cha racteri z i n g pavement  s u rfa ce . Th e nume ri ca l val ue of  
s k i d  res i s ta nce i s  repo rted a s  the  , . s k i d  number , . ( SN ) . 
S N  = 100 * F/ N 
where : F = the s ki d  res i s tance devel oped by the roa d s u rface 
N = the normal fo rce due to wheel l oad 
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Fo r exampl e ,  a s k i d n umber o f  63  mean s that the s k i d  res i s ta n ce of  the 
ti re i s  63  percent o f  the wh ee l l oa d . 
I .  Sk i d  Res i s tance Requ i rements - An i mportant  questi on  i n  h i ghway 
engi neer i ng i s  the l evel o f  s k i d  res i s tance that shou l d be ma i nta i ned . 
Unfortunate l y -, the re i s  no s i mp l e answe r a s  yet . No Federa l , AASHTO , 
ASTM ,  or  other s ta ndards have come up  wi th a s et of  rul es  and  regu l a­
ti ons fo r the l evel o f  s k i d  res i s tance req u i reme nts . Th e re i s  not 
even a general  agreement as to how to ma ke a tab l e  of  s k i d  res i s tance  
requ i rements fo r s pec i fi c  s i tua t i ons . Th e reason fo r the  p rob l em i s  
tha t  s k i d  res i s ta nc e  o f  the pavement vari es  wi th s peed , d i recti o n , 
geometry o f  road ,  veh i c l e ,  t i re types and most  i mportan tl y ,  wi th 
dri ver behav i o r ,  and  " the  p rob l em can be mo re eas i l y handl ed i f  th e 
mi n i mum s ki d res i s ta nc e  req u i remen ts i s  fi rs t defi ned for norma l , 
smooth l y  fl owi ng tra ffi c "  ( P . 5 ,  1 1 ) . Th i s  mean s that there i s , o r  
there coul d be , a mi n i mum va l ue bel ow whi ch · the s k i d  res i s tance can not  
drop , at  any p l ace o r  t i me .  Howeve r , · u a t  a g i ven t i me i n  the 1 i fe of  
a pavement s u rface , the  s k i d  res i s tance 'ha s a momenta ry va l ue that  may 
be h i ghe r  o r  l owe r than one  mea s u red some months o r  even- weeks ear·l i e r 
o r  1 ater , and .s i nee tra ff i c genera ted effects are the mo s t  poten t 
ones , i t  then fo l l ows tha t  a pa vement tha t  has been i n  s e rv i ce wi l l  
not have un i fo rm s ki d  res i s tance .. ( P . 4 ,  1 1 ) .  
To be  a bl e to defi ne mi n i mum s k i d  res i s tance requ i rements , one  
must  know how sk id  res i s tance i s  meas ured . At  present , the  cus toma ry 
·methods of mea s u rements are : the u se o f  a l ocked wheel trai l er 
equ i pped wi th  a s pec i fi c  s tanda rd t i re ( ASTM C-274 ) , and th e Bri ti s h  
87 
Portab l e S k i d Tes ter ( ASTM E - 303 ) .  Si  nee measu reme nts wi th 1 a e ked 
wheel t i res vary w i th s peed , the s peeds at wh i ch the mea su rements  are 
ta ken shoul d be  s pec i fi ed .  ASTM p re scri bes 40 MPH a s  the sta n da rd 
speed at whi ch the mea s u rement  i s  made . 
Ba sed o n  s tudi es of  s k i d  n umbe r  va ri ati on s  from dri ve r 
beha v i o r  and s ki dd i n g acc i dents , the Nati ona l  Academy o f  Eng i neeri ng 
and the Di vi s i o n  o f  H i ghway Res ea rch Boa rd ( P . 54 , 13 ) have detenmi n ed 
the mi·n i mum s k i d  res i s tance requ i rements . Ta b l e 9 s hows the recom� 
mended mi n i �um s ki d  n umbers by the l oc ked wheel trai l e r method , a n d  40 
MPH i s  recorrme nded as  the mi n i mum tes ti n g  speed . The s k i d n umbe rs 
whi ch mus t  be ach i eved at 40 MPH to a s s u re that the mi n i mum s k i d 
res i s tance a re met a t  h i gh s peed i s  a l so s hown i n  the Tab l e .  
I t  shoul d be unde rs tood that i t  i s  i mpos s i b l e  to guara ntee 
that  pavement s urfaces wh i ch s a ti sfy the mi n i mum s ki d  re s i s ta n ce 
req u i rements at the s ta ted tes t cond i ti o n  w i l l rema i n s o  w i tho ut  
fa i l ure . Therefo re , the va l ues s hown o n  Tab l e 9 are on l y  a gu i de .  
Ro uti ne tes ti n g  of  the s u rfaces fo r the s k i d  number wi l l  upda te the 
s k i d res i s tance req u i remen ts . 
One can ·a rgu e fo r b u i l d i n g  pavement s u rfa ces wi th h i gh i n i t i al 
s k i d numbe rs . Al though  th i s ca u l  d be  done , h i gher requ i  rernents wi 1 1  
a u tomati ca l l y  i n crea se  the h i ghway mi l eage and wi l l  a l so i nc rease  the  
tota l  cost  o f  s k i d -ptoo fi n g  a h i ghway sys tem. 
The other c us tomary s k i d  tes ter i s  the Bri ti s h  Porta bl e S k i d  
Res i s ta nce Tes ter ( Fi gu re 34 ) ,  wh i ch i s  used �o conduct th i s  re sea rch . 
I t  wa� devel oped by S i gner  of the Uni ted Sta tes and l a ter wa s tes ted 
I I 
I 
Mean 
TABL E  9 .  Recommen ded Mi n i mum I nteri m Sk i d  Number* 
Recommended Mi n i mum 
I Sk i d Number ( SN ) Measured a t  
Traff i c Speed I Mea s u red a t  Tra ffi c Speed 40 . MP H 
l I 
I 
0 60 
10  50 
20 40 
30 36  31  
4_0 33  33  
50 32 37 
60 3 1  4 1  
70 3 1  46 
80 3 1  5 1  
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*So u rce : Kunmer , H . W . a nd Meyer , W . E .  1 1 Ten tat i ve S k i d Res i s ta n ce  
Requ i rements  for Ma i n  Rura l H i ghways � � . Na ti onal  Coopera t i ve 
Hi ghway Res ea rch P ro gram Repo rt , No . 37 , 19 67 . 
F i gure 34 . Bri ti s h  Pendu l um S k i d Res i s tance  Tes ter . 
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a nd perfected by the Bri t i s h  Road  Res earc h  Labo rato ry .  Th i s tes t can 
be used not o n l y  i n  the l ab ,  b ut a l so  o n  t he h i ghway . And i n  addi ti on 
to i ts a cc uracy , the s mal l req u i red tes t area of  3 i nches by 5 i nches  
and  i ts l i ght-we i ghtednes s a re defi n i te assets . The di sadv antage w i th 
th i s  method i s  tha t the pro ces s of  s etti ng  i t  up , gett i ng i t  ready for 
meas urements , and  ta k i n g  readi n gs i s  rather l engthy and traffi c mu s t  
b e  s topped o r  d i verted . Al s o , because  i t  i s  a l ow s peed . devi ce ( the 
s l i d i n g  s peed of the rubbe r s hoe  o n  the s u rface is  a bout  6 - 7  MP H ) ,  and 
because  on l y  a narrow rubbe r edge con tacts the pa vement ,  i t  does not 
co rrel a te wel l wi th l oc ked wheel  tra i l ers that operate at  40 MPH or at  
h i gher s peeds . 
I I .  Fi � l d Cons truct i o n  of  Tes t  Strips : 
Th e treated a gg rega tes and emu l s i on s  were used to cons truc t 
the s tri ps o f  the tes t s ec ti o ns of s ea l  coa ts  shown o n  Ta b l e 10 . The 
pu rpose  fo r the cons tructi o n  of the tes t s tri ps was to e va l uate the 
treated s ecti ons , s k i d res i s tant 'beha v i o r  unde r  traff i c and  
weathe ri n g .  Each secti o n  wa s 3 '  by 1 1 ' and a l l we re co n s tructed on 
the ri ght  l a ne · .of  a 4- l ane  two -way a rteri a l  wi th 35 mp h s peed l i mi t 
and  wi th an ADT va l ue  of  2064 V P D/ l an e .  The step by s tep con s tru ct i on 
procedu re i s  des cri bed bel ow . 
1 .  A hot wa ter ba�h wi th  a generato r  was used to hea t  
the emul s i on at  95 F an  ho ur  befo re the con s truct i on 
( Fi gure 3 5 ) . 
2 .  Wh i l e  the emu l s i o n  was getti ng
.
ready , the bas e  for 
the sea l  coa t con s tructi on  was mea s u red 3:' by 1 1 ' , as  
s hown i n  F i gure 36 . 
DATE S ECT ION 
8/ 25/84 AA- 1  
8/ 26/ 84 
9/4/ .84 
AA-2 
· BB- 1 
BB-2 
CC- 1 
CC- 2 
Z- 1 
Z- 2 
V- 1 
V-2 
Y - 1  
Y-2 
c ... 1 
C-2 
B- 1 
B-2 
A- 1 
A- 2 
W- 1 
W- 2 
TABL E 10 . Constructed Tes t Secti ons 
AGGREGATE 
Treated Qua rtz i te wi th TAA- 3000 
Trea ted Quartz i te wi th TAA- 300-
Treated Qua rtz i te wi th Techn i -H IB7178 
Treated Quartz i te wi th Techni -H IB7178 
Treated Quartz i te wi th Redi ca te 82-S  
· Treated Quartz i te wi th Redicate 82- S  
Na tural  Aggregate 
Natural Aggregate 
Treated Qua rtz i te wi th Li me 
Trea ted Qua rtz i te wi th Li me 
Untrea ted Qua rtz i te 
Untreated Qua rtz i te 
Untrea ted Quartz i te 
Untrea ted Qua rtz i te 
Untrea ted Qua rtz i te 
Untreated Qua rtz i te 
Untreated Quartz i te 
Untrea ted Quartz i te 
Treated Quartz i te wi th Li me 
Trea ted Quartzi te wi th L i me 
B I NDER 
Cat i on i c  Emul s i on 
Cat i o ni c Emul s i on  
Cat i o n i c Emul s i on 
Ca t ion i c Emu l s i on  
Ca t i o n i c  Emul s i on 
Cat i on i c  Emul s i on 
Cat i oni c Emu l s i on  
Cati on i c Emul s i on 
Cat i on i c  Emu l s i on 
Cat i on i c  Emu l s i on  
Cat i o n i c  Emul s i on 
Ca t i oni c Emul s i on 
Treated Emul s i on wi th  82- S  
Tre�ted Emul s i on  wi th 82 -S  
Trea ted Emul s i on  wi th Techn i -H I B7178 
Treated Emul s i on wi th Techni -H I B7178 
Treated Emul s i on  wi th I ndul i n  AS- 1 
Treated Emul s i on  wi th I ndul i n  AS- 1 
H i gh Fl oa t Emul s i on 
H i gh Fl oat Emu l s i on 
1..0 ..... 
F i gure 35 . Emul s i on was hea ted and  ma i n ta i ned  a t  75° F . 
9 2  
F i gure 36 . The base  1 ayou t  for the· 3 '  x 1 1 ' tes t  str i ps . 
9 3  
3 .  Emu l s i o n  was then pou red at a rate of  0 . 3 ga l /yd2 ( Fi gu res 37  and  38 ) .  I t  was set  for a few s eco nds 
u nti l i t  s ta rted turn i ng b rown . 
4 .  Then the a g gregate , whi ch was p rep�red i n  10 l b .  
ba gs , was poured a t  a rate o f  30 l b . /yd ( Fi gure 39 ) .  
5 .  Compact i o n  wa s accompl i shed wi th rub ber  ti re 
ro l l ers  fo r 4 pas s es a t  45 ps i ( Fi gure 40 ) .  Ru bber 
t i re ro l l ers were used for compacti on  because  they 
gi ve un i fo rm pre s s u re ove r  the enti re area . Steel  
wh eel rol l ers we re not  u s ed fo r compacti o n  s i nce  they 
a re not a s  fl exi b l e as rubber t i res , and they h i t on l y  
the h i gh s po ts . Th i s  co u l d c ru s h  the coa rse  aggrega te 
pa rt i cl es .  
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The emul s i o ns u s ed i n  the tes t di d not a l l have s i mi l a r  
beha v i o rs . Some were eas i er to work wi th ,  a nd some d i d not s p read 
un i forml y .  Hi gh fl oa t ernu l  s i on s  a s  s hown i n  Fi gure 38 were th e best  
o nes to wo rk wi th , and  s ec t i o n s  W- 1 a nd W- 2 were con stru cted u s i ng 
h i gh fl oa t  emul s i o ns . I n  contra s t , emu l s i ons used to con s truct 
secti o ns A- 1 a nd A- 2 d i d not pou r  eas i l y no r spread u ni fo nnl y .  There 
were ta r- 1  i ke p i eces o f  gums that were not mi xed wi th  the emu 1 s i on ,  
a nd at  the t i me of  s pread i n g , i t  was hard to ma ke a un i form s urface of 
emul s i on on  the pavement . 
. , 
The deta i l ed fea tu res of  thes e emu l s i on s  at the ti me of  
�ons tructi on , the c ha n ges i n  tempera tu re on t he roa d  surface , and  t he 
other rel ated comments a re reco rded i n  the Appendi x ( Con s truct i on No te 
Sh eets ) . 
The data obta i n ed for the s ki d  res i s tance eva l ua t ion  of  the 
s ea l  coa t secti o ns u nder traff i c were anal yzed s tati s t i ca l l y  by two 
tes ts . F i r s t ,  a genera l  . ana l ys·i s  of vari ance p ro cedu re was do ne 
s ep�ratel y  to each of the da ta o bta i ned d�ri ng the Fal l and th e. Sp r i ng  
F i gure 3.7 . 
. 2 
Emul s i on was s pread a t  0 . 3 ga l . /yd . 
9 5  
F i gure 38 . Un i form Spreadi. ng of Ernu l  s i on .  
96 
2 
. F i gure 39 . Aggregate was spread at 30 l b . /yd . 
9 7  
F i gure 40 . Rubber ti re rol l ers  to compact the secti o n s . 
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seasons to s ee · i f  the treatments* were effecti ve and to s o rt o ut the 
means of  the readi ngs fo r d i fferent treatments . Secon d ,  th e 1 eas t  
squares approach wa s u sed to fi t a s trai ght l i ne probabi l i st i c  mo de l  
us i ng a l l the data a va i l ab l e .  
Based o n  the ana l ys i s  o f  the vari ance p rocedu re o f  the data 
fo r the Fa 1 1  s ea son , the treatments are effecti ve and the mean read-
i ngs a re di fferent  fo r eac h  week . Tab l e  13 s hows that addi ng 
quartz i te to emu l s i on trea ted wi th Redi cote 82- S w i l l res u l t i n  the 
hi ghes t s ki d n umbe r ,  ( SN ) , and  that addi n g  natura l  a·g gregate to p l a i n  
emu l s i o n  wi l l  ha ve the l owes t  s k i d  number.  A s i mi l a r ana l ys i s of  
va ri ance p rocedu res wa s don e  fo r the  Spri n g  s eason as  shown i n  Tab l es 
15 , 16 , 1 7  a nd 18 . I n  th i s ana l ys i s  a l so ,  natura l  a gg regate y i e l ded  
the poo_res t rea di ng ,  and  quartz i te added to  emu l s i o n  trea ted wi th 
H I B- 7 1 78 yi el ded the h i ghe s t s k i d number ( S N ) . 
Ba sed o n  the 1 east  squares approach to fi t a s trai gh t  1 i ne  
probabi l i s t i c  model i nto the data , the  regres s i on l i ne w i th 9 5% 
co nfi dence i nterval s fo r the mean  a re p l otted fo r each treatmen t .  
Ta bl e 19 o n  Page 127  s hows the val ues for the s l ope and  th e i ntercept 
of the regres s i on l i ne fo r each treatment .  
*A s ampl e made w i th o r  wi thout  u s i ng  the a nti - stri ppi n g  agents to 
cons truct the l abo ra to ry o f  fi e l d s ecti ons i s  ca l l ed a " trea tme nt " . 
TABLE 1 1 . FALL SEASON : Sk i d Number ( SN )  Measured by the B ri ti sh 
Portabl e Ski d Tester �  
100  
SAS 1 0 : 1 4  
OBS T R EAT W E E K  T ESTS EC R EADNO R EAD I NGS SASDAT E 
1 Q*TAA- 3000+ EMU L 1 1 1 5 7 . 5  1 8 S E P8 4  
2 Q*TAA- 3000+ EMU L 1 1 2 56 . 5  1 8 SE P8 4  
3 Q*TAA- 3000+ EMUL 1 1 3 56 . 5  1 8 SE P84 
4 Q*TAA- 3000+ EMU L 1 1 4 56 . 5  1 8 S E P84 
5 Q*TAA- 3000+ EMUL 1 2 1 5 3 . 5  1 8 S E P84 
6 Q*TAA- 3000+ EMU L 1 2 2 56 . 5  1 8 S E P84 
7 Q*TAA- 3000+EMUL 1 2 3 56 . 5  1 8 S E P84 
8 Q*TAA- 3000+ EMU L  1 2 4 5 7 . 5  1 8 S E P8 4  
9 Q*H I B- 7 1 78+ EMUL 1 1 1 6 1 . 5  1 8 S E P84 
1 0 - Q*H I B- 7 1 78+ EMU L 1 1 2 59 . 5  1 8 S E P8 4  
1 1  Q*H I B- 7 1 78+ E M U L  1 1 3 59 . 5 . 1 8 S E P84 
1 2  Q*H I B- 7 1 78+ EMU L 1 1 4 59 . 5  1 8 S E P8 4  
1 3  Q*H I B- 7 1 78+ EMU L 1 2 1 62 . 5  1 8 S E P84 
1 4  Q*H I B- 7 1 78+ EMU L 1 2 2 59 . 5  1 8 S E P8 4  
1 5  Q*H I B- 7 1 78+ EMU L 1 2 3 5 9 . 5  1 8 S E P84 
1 6 Q*H I B- 7 1 78+ EMU L 1 2 4 5 9 . 5  1 8 S E P84 
1 7  Q*R£0 . 8 2 - S+ EM U L  1 1 1 64 . 5  1 8 S E P84 
1 8  Q*R£0 . 82 - S+EMUL 1 1 2 6 3 . 5  1 8 S E P84 
1 9  Q*R £0 . 8 2 - S+ EM U L  1 1 3 6 3 . 5  1 8 S E P84 
20 Q*RED . 82 - S+ EMU L 1 1 - 4 6 3 . 5  1 8 S E P8 4  
2 1  Q*R£0 . 82 - S+ EMU L 1 2 1 6 1 . 5  1 8 S E P84 
22 Q*RED . 82 - S+ EMU L 1 2 2 6 1 . 5  1 8 S E P84 
2 3  Q*R£0 . 82 - S+EMU L 1 2 3 6 1 . 5  1 8 S E P84 
24 Q*R£0 . 82 - S+ EM U L  1 2 4 6 1 . 5  1 8 S E P8 4  
2 5  .N . A . + EMU L .  1 1 1 50 . 5  1 8 S E P84 
26 N .  A .  +EMU L .  1 1 2 48 . 5  1 8 S E P84 
27 N . A . + EMU L .  1 1 3 48 . 5  1 8 S E P84 
28 N . A . +EMU L .  1 1 4 48 . 5  1 8 S E P84 
29 N . A . +EMU L .  1 2 1 5 3 . 5  1 8 S E P84 
30 N .  A. +EMU L .  1 2 2 5 1 . 5  1 8 S E P84 
3 1  N . A . +EMU L .  1 2 3 5 1 . 5  1 8 S E P84 
3 2  N . A . +EMU L .  1 2 4 5 1 . 5  1 8 S E P84 
3 3  Q*HYD . L I ME+EMUL 1 1 1 56 . 5  1 8 S E P84 
34 Q*HYD . L I ME+EMUL 1 1 2 5 5 . 5 1 8 S E P8 4  
3 5  Q*HYD . L I M E + E M U L  1 1 3 55 . 5  1 8 S E P84 
3·6 Q*HYD . Ll  M E+ E M U L  1 1 4 55 . 5  1 8 S E P84 
37 Q*l:iYD . L l  ME+ EMU L 1 2 1 56 . 5  1 8 S E P84 
38 Q*HYD . L l  ME+EMUL 1 2 2 5 7 . 5  1 8 S E P8.4 
39 Q*HYD . L l  M E+ E M U L  1 2 3 5 7 . 5  1 8 SE P84 
40 Q*HYD . L I ME+EMUL 1 2 . 4 57 . 5  1 8 S E P84 
4 1  Q+EMU L .  1 1 1 60 . 5  1 8 S E P84 
42 Q+EMU L . · . 1 1 2 59 . 5  1 8 S E P84 
4 3  Q+EMU L .  1 1 3 59 . 5  1 8 SE P84 
44 Q+EMU L .  1 1 4 59 . 5  1 8 S E P8 4  
4 5  Q+EMU L .  1 2 1 55 . 5  1 8 S E P84 
46 Q+EMU L .  1 2 2 56 . 5  1 8 S E P8 4  
4 7  Q+ EMU L .  1 2 3 55 . 5  1 8 S E P8 4  
4 8  Q+EMU L .  1 2 4 55 . 5  1 8 S E P84 
49 Q+ EMU L*R E D . 8 2 - S  1 1 1 69 . 5 1 8 S E P8 4  
5 0  . Q+EMU L*R ED . 8 2 - S  1 1 2 7 1 . 5  1 8 S E P8 4  
5 1 Q+ EMU L*R £ 0 . 8 2 - S  1 1 3 7 3 . 5  1 8 S E P8 4  
5 2  Q+EMU L*R £0 . 8 2 - S  1 1 4 7 1 . 5  1 8 S E P8 4  
5 3  Q+ EM U L*R£0 . 8 2 - S  1 2 1 70 . 5  1 8 S E P8 4  
5 4  Q+EMU L*R £0 . 8 2 - S  1 2 2 7 1 . 5 " 1 8 S E P8 4  
5 5  Q+EMU L*R£0 . 8 2 - S  1 2 3 7 1 . 5  1 8 S E P8 4  
5 6  Q+EMU L*R£0 . 8 2 - S  , 2 4 7 1 . 5 1 8 S E P8 4  
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TABLE 11. (conti nued ) 
SAS 1 0 : 1 4  
085 T R EAT WE E K  T E ST S EC R EADNO R EAD I NGS SAS DAT E 
57 Q+ EMU L*H I B- 7 1 78 1 1 1 6 7 . 5  1 8 S E P8 4  
5 8  Q+EMU L*H I B- 7 1 78 1 1 2 6 5 . 5  1 8 S E P84 
59 Q+ EMU L*H I B- 7 1 78 1 1 3 6 5 . 5  1 8 S E P8 4  
6 0  Q+EMU L*H I B- 7 1 78 1 1 4 64 . 5  1 8 S E P84 
6 1  Q+EMUL*H I B- 7 1 78 1 2 1 6 5 . 5  1 8 S E P84 
62 Q+EMU L*H I B- 7 1 78 1 2 2 6 6 . 5  1 8 S E P84 
6 3  Q+EMU L*H I B- 7 1 78 , 2 3 6 6 . 5  1 8 S E P84 
64 Q+ EMU L*H I B- 7 1 78 1 2 4 6 6 . 5  1 8 S E P84 
65 Q+ EMUL* I N D L . AS- 1 1 1 1 6 5 . 5  1 8 S E P84 
66 Q+ EMU L* I N D L . AS- 1 1 1 2 65 . 5  1 8 S E P84 
67 . Q+EMU L* I ND L . AS- 1 1 1 3 64 . 5  1 8 S E P84 
68 Q+EMU L* I ND L . AS- 1 1 1 4 6 5 . 5  1 8 S E P84 
69 Q+EMU L* I N DL . AS- 1 1 2 1 67 . 5  1 8 S E P84 
70 Q+EMU L* I NDL.  AS- 1 1 2 2 69 . 5  1 8 S E P8 4  
7 1  Q+EMU L* I N D L . AS- 1 1 2 3 6 7 . 5  1 8 S E P84 
72 Q+ EMUL* I N DL . AS- 1 1 2 4 67 . 5  1 8 S E P84 
73 Q*H . L I ME+H F . EMU L  1 1 1 51 . 5  1 8 S E P84 
7 4  Q * H  . l l M E + H F . EMU L  1 1 2 58 . 5  1 8 S E P8 4  
7 5  Q*H . L I ME+H F . EMU L 1 1 3 58 . 5  1 8 S E P8 4  
7 6  Q*H . l l  ME+H F .  EMU L  1 1 4 58 . 5  1 8 S E P8 4  
1 1  Q*H . l l  ME+H F .  EMU L 1 2 1 5 7 . 5  1 8 S E P84 
7 8  Q*H . l l  ME+H F .  EMU L 1 2 2 57 . 5  1 8 S E P84 
19 Q*H . L I ME+H F . EMU L 1 2 3 57 . 5  1 8 S E P8 4  
8 0  Q*H . L I ME+H F . EMUL 1 ' 2 4 58 . 5  1 8 S E P8 4  
8 1  Q*TAA- 3 000+EMUL 2 1 1 67 . 5  27 S E P8 4  
82 Q*TAA- 3 000+EM U L  2 1 2 67 . 5  27 S E P84 
8 3  Q*TAA- 3 000+EM U L  2 1 3 69 . 5  27 S E P8 4  
84 Q*TAA- 3 000+EMUL 2 1 4 67 . 5  2 7 S E P84 
85 Q*TAA- 3 000+EMUL 2 2 1 64 . 5  2 7 S E P84 
86 Q*TAA- 3 000+EMUL 2 2 2 67 . 5  2 7 S E P84 
87 Q*TAA- 3 000+EMUL 2 2 3 6 6 . 5  2 7 S E P84 
88 Q*TAA- 3 000+EMU L 2 2 4 6 7 . 5  2 7 S E P84 
89 Q*H I B- 7 1 7 8 + EMU L 2 1 1 64 . 5  2 7 S E P84 
90 Q*H I B- 7 1 78+ EMU L 2 1 2 6 5 . 5  2 7 S E P84 
9 1  Q*H I B- 7 1 78+ EMU L 2 , 3 65 . 5  2 7 S E P84 
92 Q*H I B- 7 1 78+EMUL 2 1 4 64 . 5  2 7 S E P84 
93 Q*H I B- 7 1 78+ EMU L 2 2 1 66 . 5  2 7 S E P84 
94 Q*H I B- 7 1 78+ EMU L 2 2 2 67 . 5  2 7 S E P84 
95 Q*H I B- 7 1 78+ EMU L 2 2 3 68 . 5  2 7 S E P84 
96 Q*H I B- 7 1 78+ EMU L 2 2 4 68 . 5  2 7 S E P84 
97 Q*R E D . 8 2 - S+ EM U L  2 1 1 69 . 5  2 7 S E P84 
98 Q*RED . 82 - S+EMUL 2 1 2 69 . 5  2 7 S E P 8 4  
9 9  Q*R E D . 82�--S+ EMU L 2 1 3 69 . 5  2 7 S E P8 4  
1 00 Q*R E D . 82 - S+EMU L 2 1 4 69 . 5  2 7S E P8 4  
1 0 1  Q*RED . 82 - S+ EM U L  2 2 1 64 . 5  27 S E P8 4  
1 02 Q*R E D . 8 2 - S+ EM U L  2 2 2 64 . 5  2 7 S E P84 
1 0 3  Q*R ED . 82 - S+ EMUL . 2 2 3 64 . 5  2 7 S E P84 
1 04 Q*R ED . 8 2 - S+ EMUL 2 2 4 6 4 . 5  2 7 S E P84 
1 05 N . A . + EMU L .  2 1 1 49 . 5  2 7 S E P84 
1 06 N . A . + EMU L .  2 1 2 48 . 5  2 7 S E P84 
1 07 N .  A .  +EMU L .  2 1 3 48 . 5  2 7 S E P84 
1 08 N . A . +EMU L .  2 1 4 48 . 5  2 7 S E P84 
1 09 N . A . +EMU L .  2 2 1 5 2 . 5  2 7 S E P84 
1 1 0 N . A . +EMU L .  2 2 2 52 . 5 · 2 7 S E P84 
1 � 1 N . A . +EMU L .  2 2 3 52 . 5  2 7 S E P84 
1 1 2 N . A . +EMU L .  2 2 4 5 2 . 5  2 7 S E P84 
102 
TABLE 1 1 .  { con t i n ued ) 
SAS 1 0 : 1 4  
OBS TREAT WE E K  T ES-T S EC READ NO R EAD I NGS SASDATE 
1 1 3  Q*HYD . L I ME+ EMU L 2 1 1 5 8 . 5  2 7 S E P8 4  
1 1 4 Q*HYD . L I ME+EMU L 2 1 2 5 9 . 5  2 7 S E P8 4  
1 1 5 Q*HYD . L l  M E+ EMU L 2 1 3 5 9 . 5  2 7 S E P84 
1 1 6 Q*HYD . L I ME+EMUL 2 1 4 59 . 5  2 7 S E P84 
1 1 7 Q*HYD . L l  ME+EMUL 2 2 1 70 . 5  2 7 S E P84 
1 1 8 Q*HYD . L l  ME+ EMU L 2 2 2 72 . 5  2 7 S E P8 4  
1 1 9 Q*HYD . L 1  M E+EMU L 2 2 3 72 . 5  27 S E P8 4  
1 20 Q*HYD . L I M E+EMU L 2 2 4 72 . 5  2 7 S E P84 
1 2 1 Q+ EMU L .  2 1 1 59 . 5  2 7 S E P84 
1 22 Q+EMU L . 2 1 2 57 . 5  2 7 S E P8 4  
1 2 3 . Q+ EMU L . 2 1 3 5 7 . 5  2 7 S E P8 4  
1 24 Q+EMU L .  2 1 4 57 . 5  2 7 S E P8 4  
1 2 5 Q+ EMU L .  2 2 1 62 . 5  2 7 S E P8 4  
1 26 Q+EMU L .  2 2 2 6 4 . 5  2 7 S E P8 4  
1 2 7 Q+EMU L .  2 2 3 6 5 . 5  2 7 S E P8 4  
1 28 Q+EMU L .  2 2 4 64 . 5  2 7 S E P84 
1 29 Q+EMUL*RED . 82 - S  2 1 1 70 . 5  2 7 S E P8 4  
1 30 Q+EMUL*RED . 82 - S  2 1 2 69 . 5  2 7 S E P84 
1 3 1 Q+ EMU L*R ED . 8 2 - S  2 1 3 70 . 5  2 7 S E P84 
1 3 2 Q+EMUL*R ED . 8 2 - S  2 1 4 70 . 5  2 7 S E P84 
1 3 3 Q+EMU L*R E D . 8 2 - S  2 2 1 69 . 5  2 7 S E P84 
1 3 4 Q+EMUL*R E D . 82 - S  2 2 2 70 . 5  2 7 S E P84 
1 3 5 Q+EMU L*R E D . 82 - S  2 2 3 70 . 5  2 7 S E P84 
1 36 Q+EMUL*R ED . 82 - S  2 '2 4 70 . 5  2 7 S E P84 
1 3 7 Q+EMUL*H I B- 7 1 18 2 1 1 69 . 5  2 7 S E P8 4  
1 3 8  Q+EMUL*H I B- 7 1 78 2 1 2 70 . 5  2 7 S E P84 
1 39 Q+EMU L*H I B- 7 1 78 2 1 3 69 . 5  2 7 S E P8 4  
1 40 Q+EMU L*H I B- 7 1 78 2 1 4 69 . 5  2 7 S E P8 4  
1 4 1 Q+ EMUL*H I B- 7 1 78 2 2 1 7 3 . 5  2 7 S E P8 4  
I 1 42 Q+EMUL*H I B-7 1 78 2 2 2 7 1 . 5  2 7 S E P8 4  
1 43 Q+EM U L*H I B- 7 1 78 2 2 3 7 3 . 5  2 7 S E P8 4  
1 44 Q+ EMUL*H I B- 7 1 78 2 2 4 7 3 . 5  2 7 S E P8 4  
1 45 Q+EMUL* I NDL . AS- 1 2 1 1 6 9 . 5  2 7 S E P84 
1 46 Q+ EMU L* I N DL . AS- 1 2 1 2 7 0 . 5  2 7 S E P84 
1 4 7 Q+ EMUL* I N DL . AS- 1 2 1 3 69 . 5  2 7 S E P8 4  
1 48 Q+EMU L* I N D L . AS- 1 2 1 4 6 9 . 5  2 7 S E P84 
1 49 Q+EMU L* I NDL . AS- 1 2 2 1 70 . 5  2 7 S E P84 
1 5 0 Q+EMU L* I N D L .  AS- 1 2 2 2 7 3 . 5  2 7 S E P8 4  
1 5 1 Q+EMUL* I NDL . AS- 1 2 2 3 7 3 . 5  2 7 S E P84 
1 52 Q+EMUL* I N D L . AS- 1 2 2 4 7 5 . 5  2 7 S E P8 4  
1 5 3 Q*H . L I ME+H F . EMU L 2 1 . 1 57 . 5  2 7 S E P8 4  
1 54 Q*H . L I M E+H F . EMU L 2 1 2 57 . 5  2 7 S E P8 4  
1 5 5 Q*H . L I ME+H F . EMU L 2 1 3 57 . 5  2 7 S E P8 4  
1 56 Q*H . L I ME+H F . EMUL 2 1 4 57 . 5  2 7 S E P8 4  
1 5 7 Q*H . L I ME+H F . EMU L 2 2 1 64 . 5  2 7 S E P8 4  
1 58 Q*H . L I ME+H F . EMU L 2 2 2 67 . 5  2 7 S E P84 
1 59 Q*H . L I ME+H F . EMU L 2 2 3 6 4 . 5  2 7 S E P84 
1 60 Q*H . L I ME+H F . EMUL 2 2 4 64 . 5  2 7 S E P8 4  
1 6 1 Q*TAA- 3000+EM U L  3 1 1 6 1 . 0  0 3 0CT84 
1 62 Q*TAA- 3000+EMU L 3 1 2 6 3 . 0  0 3 0CT84 
1 63 Q*TAA- 3000+ EMU L 3 1 3 6 3 . 0  0 3 0CT84 
1 64 Q*TAA- 3000+EM U L  3 1 4 64 . 0  0 3 0CT84 
1 65 Q*TAA- 3000+EMU L 3 2 1 6 6 . 0  0 3 0CT8 4  
1 66 Q*TAA- 3000+ EMU L 3 2 · 2 69 . 0 - 0 3 0CT84 
1 67 Q*TAA- 3000+EMU L 3 2 3 6 8 . 0  0 3 0CT84 
1 68 Q*TAA- 3 000+EM U L  3 2 4 6 8 . 0  0 3 0CT84 
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TABLE 1 1 .  ( conti nued ) 
SAS 1 0 :  1 4  
OBS TR EAT WE E K  T ESTSEC R EAD NO R EAD I NGS SAS DAT E 
1 69 Q*H I B- 7 1 7 8 + EM U L  3 1 1 65 0 3 0CT84 
1 70 . Q*H I B- 7 1 78+ EMU L 3 1 2 67 0 3 0CT84 
1 7 1 Q*H I B - 7 1 78+ EMU L 3 1 3 68 0 3 0CT84 
1 72 Q*H I B- 7 1 7 8 + EMU L 3 1 4 67 0 3 0CT84 
1 7 3 Q*H I B - 7 1 7 8 + EM U L  3 2 1 64 0 3 0CT84 
1 7 4 Q*H I B- 7 1 7 8 + EM U L  3 2 2 65 0 3 0CT84 
1 75 Q*H I B- 7 1 78+ EMU L 3 2 3 6 6  0 3 0C T 8 4  
1 7 6 Q*H I B - 7 1 7 8 + EMU L 3 2 4 65 0 3 0CT84 
1 77 Q*R E D . 8 2 - S+EM U L  3 1 1 67 0 3 0CT84 
1 78 Q* R ED . 82 - S+EMUL 3 1 2 6 8  0 3 0CT84 
1 7 9 Q*R ED . 82 - S+ EM U L  3 1 3 6 7 0 3 0CT84 
1 80 Q*R ED . 8 2 - S+EM U L  3 1 4 6 7  0 3 0CT84 
1 8 1  Q* R ED . 82 - S+ EMU L 3 2 1 60 0 30CT84 
1 82 Q*R ED . 82- S+EMUL 3 2 2 60 0 3 0CT84 
1 8 3  Q* R E D . 82- S+ EMU L 3 2 3 60 0 3 0CT84 
1 84 Q*R E D . 82 - S+ EM U L  3 2 4 60 0 3 0C T 8 4  
1 8 5 N . A . + EMU L .  3 1 1 46 0 3 0CT84 
1 86 N . A . +EMU L .  3 1 2 46 0 3 0C T 8 4  
1 8 7 N . A . + EMU L .  3 1 - 3 46 0 3 0CT84 
1 88 N . A . +EMU L .  3 1 4 46 0 3 0CT84 
1 89 N . A .  + EM U L .  3 2 1 45 0 3 0CT84 
1 90 N . A .  +EMU L .  3 2 2 46 0 3 0CT84 
1 9 1 N . A . + EMU L .  3 2 3 46 0 3 0CT84 
1 92 N . A . +EMU L .  3 2 4 46 0 3 0CT84 
1 9 3 Q*HYD . L I ME+EMUL 3 1 1 65 0 3 0CT84 
1 94 Q*HYD . L I M E + EM U L  3 1 2 65 0 3 0CT84 
1 95 Q*HYD . L I M E+ EM U L  3 1 3 66 0 3 0CT84 
1 96 Q*HYD . L I M E+ EM U L  3 1 4 65 0 3 0CT84 
1 97 Q*HYD . L I M E + EM U L 3 2 1 65 0 3 0CT84 
1 98 Q*HYD . L I M E+ EMU L 3 2 2 65 0 3 0CT84 
1 99 Q*HYD . L I M E + EM U L 3 2 3 6 5  0 3 0CT84 
2 00 Q*HYD . L I ME+EMU L 3 2 4 65 0 3 0CT84 
201 Q+EMU L .  3 1 1 65 0 3 0CT84 
202 Q+EMU L .  3 1 2 64 0 3 0CT84 
203 Q+EMU L .  3 1 
. ' 
3 64 0 3 0CT84 
204 Q+EMU L .  3 1 4 64 0 30CT8 4 
205 Q+EMU L .  3 2 1 5 7  0 30CT8 4  
206 Q+EMU L .  3 2 2 57 0 3 0CT84 
207 Q+EMU L .  3 2 . 3 57 0 30CT84 
208 Q+EMU L .  3 2 4 5 7  0 3 0CT84 
209 Q+EMU L*B ED . 82 - S  3 1 1 64 0 3 0C T 8 4  
2 1 0  Q+EMU L*R ED . 8 2 - S  3 1 2 6 7  0 3 0C T 8 4  
2 1 1 Q+EMU L*RE D . 82 - S  3 1 3 6 7  0 3 0C T 8 4  
2 1 2  Q+ EMUL*RED . 8 2 - S  3 1 4 6 7  0 3 0CT84 
2 1 3 Q+EM U L*R E D . 8 2 - S  3 2 1 62 0 3 0CT84 
2 1 4  Q+ EMU L*R £0 . 82 - S  3 2 2 65 0 3 0C T8 4  
2 1 5 Q+ EMUL*R E D . 8 2 - S  3 2 3 65 0 3 0CT84 
2 1 6 Q+ EMU L*R E D . 8 2 - S  3 2 4 65 0 3 0C T 8 4  
2 1 7  Q+EMU L*H I B- 7 1 .78 3 1 1 66 0 3 0C T 8 4  
2 1 8  ' Q+ EMU L*H I B - 7 1 78 3 1 2 67 0 3 0C T 8 4  
2 1 9 . Q+ EMU L*H I B - 7 1 78 3 1 3 65 0 3 0C T 8 4  
220 Q+ EMU L*H I B- 7 1 7 8  3 1 4 67 0 3 0C T 8 4  
22 1 Q+ EMU L*H I B- 7 1 78 3 2 1 69 0 3 0C T 8 4  
222 Q+ EMU L*H I B- 7 1 78 3 2 2 7 1  0 3 0CT84 
22 3 Q+ EMU L*H I B- 7 1 78 3. 2 3 7 1  0 30CT 8 4  
2 2 4  Q+ EMU L*H I B- 7 1 7 8  3 2 4 7 1  . 0 3 0CT 8 4  
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TABLE 1 1 .  ( conti nued ) 
SAS 1 0 : 1 4  
OBS TREAT W E E K  T EST S EC R EAD NO READ I NG S  SASOAT E 
225 Q+EMU L* I N O L . AS- 1 3 1 1 6 3 . 0  0 3 0CT84 
226 Q+ EMU L* I N O L . AS - 1 3 1 2 66 . 0  0 3 0CT84 
227 Q+ EMU L* I N OL . AS- 1 3 1 3 66 . 0  0 3 0CT84 
228 Q+EMUL* I NO L . AS - 1 3 1 4 6 5 . 0  0 3 0CT84 
229 Q+EMUL* I N D L . AS- 1 3 2 1 6 8 . 0  0 3 0CT84 
2 30 Q+ EMU L* I NO L . AS- 1 3 2 2 6 9 . 0  0 30CT84 
2 3 1  Q+ EMU L* I ND L . AS- 1 3 2 3 70 . 0  0 30CT84 
2 3 2  Q+ EMU L* I N D L . AS- 1 3 2 4 70 . 0  0 30CT84 
2 3 3  Q*H . L I M E+H F . EMU L  3 1 1 58 . 0  0 3 0CT84 
2 3 4  Q*H . L I ME+H F . EMU L 3 1 2 5 6 . 0  0 30CT84 
2 3 5  Q*H . L I M E+H F . EMU L 3 1 3 56 . 0  0 3 0CT84 
2 3 6  Q*H . L I M E+H F . EMU L 3 1 4 5 6 . 0  0 3 0CT84 
2 3 7  Q*H . L I ME+H F . EMU L 3 2 1 56 . 0  0 3 0CT84 
2 3 8  Q*H . L I M E+H F . EMU L 3 2 2 59 . 0  0 3 0CT84 
2 3 9  Q*H . L I M E+H F . EMU L 3 2 3 58 . 0  0 3 0CT84 
240 Q*H . L I M E+H F . EMU L 3 2 4 58 . 0  0 3 0CT84 
2 4 1  Q*TAA- 3 000+E.MU L 4 1 1 66 . 6  1 1 0CT84 
242 . Q*TAA-3000+ EM U L  4 1 2 67 . 6  1 1 0CT84 
243 Q*TAA- 3 000+ EMU L 4 1 3 66 . 6  1 1 0CT84 
244 Q*TAA- 3000+ E M U L  4 1 - 4 66 . 6  1 1 0CT84 
245 Q*TAA - 3 000+EM U L  4 2 1 60 . 6  1 1 0CT84 
246 Q*TAA- 3000+ EMU L 4 2 2 6 1 . 6  1 1 0CT84 
247 Q*TAA- 3 000+ EM U L 4 2 3 6 3 . 6  1 1  OCT84 
248 Q*TAA- 3000+ EMUL 4 2 4 62 . 6  1 1 0CT84 
249 Q*H I B- 7 1 78+ EMU L 4 1 1 65 . 6  1 1 0CT84 
250 Q*H I B- 7 1 78+ EMU L 4 1 2 67 . 6  1 1 0CT84 
2 5 1  Q*H I B- 7 1 78+ EMU L 4 1 3 68 . 6  1 1 0CT84 
252 Q*H I B- 7 1 78+ EMU L 4 1 4 67 . 6  1 1 0CT84 
253 Q*H I B- 7 1 78+ EMU L 4 2 1 69 . 6  1 1 0CT84 
254 Q*H I B- 7 1 78+ EMU L 4 2 2 70 . 6  1 1 0CT84 
255 Q*H I B- 7 1 78+ EMU L 4 2 3 70 . 6  1 1 0CT84 
256 Q*H I B- 7 1 78+ EMU L 4 2 4 70 . 6  1 1 0CT84 
257 Q*R £0 . 82 - S+ EMU L 4 1 1 65 . 6  1 1 0CT84 
258 Q*R E0 . 82 - S+ EM U L  4 1 2 65 . 6  1 1 0CT8 4 
2 59 Q*R E0 . 82 - S+ EMU L 4 1 3 65 . 6  1 1 0CT84 
260 Q*R £ 0 . 82 - S+ EMU L 4 1 4 65 . 6  1 1 0CT84 
26 1 Q*R £ 0 . 82-S+EMUL 4 2 1 59 . 6  1 1 0CT84 
262 Q*R £0 . 82 - S+ E M U L  4 2 2 60 . 6  1 1 0CT84 
263 Q*R £ 0 . 82 - S+ E M U L  4 2 3 6 1 . 6  1 1 0CT84 
264 Q*R£0 . 82 - S+ E M U L  4 2 4 54 . 6  1 1 0CT84 
265 N . A . +EMU L .  4 , , 57 . 6  1 1 0CT84 
266 N . A . +EMU L  .. 4 1 2 57 . 6  1 1 0CT84 
267 N.  A .  +EMU L .  4 , 3 57 . 6  1 1 0CT84 
268 N . A . +EMU L .  4 1 4 57 . 6  1 1 0CT84 
269 N . A . + EMU L .  4 2 1 49 . 6  1 1 0CT84 
270 N . A . + EMU L .  4 2 2 5 3 . 6  1 1 0CT84 
27 1 N . A . + EMU L .  4 2 3 54 . 6  1 1 0CT84 
272 N.  A .  + EMU L .  4 2 4 5 3 . 6  1 1  OCT84 
2 7 3  Q*HYO . L I ME+EMUL 4 1 1 5 7 . 6  1 1 0CT84 
274 Q*HYO . L I ME+EMUL 4 1 2 64 . 6  1 1 0CT84 
275 Q*HYD . L I M E+ EM U L  4 1 3 64 . 6  1 1 0CT84 
276 Q*HYD . L I M E + E M U L  4 1 4 6 1 . 6  1 1 0CT84 
277 Q*HYO . L I M E + EHU L 4 2 . 1 5 4 . 6  1 1 0CT84 
278 Q*HYD . l l  M E+ EHUL 4 2 2 57 . 6  1 1 0CT84 
279 Q*HYO . L I M E+EHUL 4 2 3 5 4 . 6  1 1 0CT84 
280 Q*HYD . l l  M E + EHUL 4 2 4 57 . 6  1 1 0CT84 
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TABLE 1 1 .  ( conti nued ) 
SAS 1 0 : 1 4  
OBS T R EAT W E E K  T ESTSEC R EAD NO R EAD I NGS SASOA T E  
28 1 Q+ EMU L .  4 1 1 6 4 . 6  1 1 0CT84 
282 Q+ EMU L .  4 1 2 6 4 . 6  1 1 0CT84 
283 Q+ EMU L .  4 1 3 6 6 . 6  1 1 0CT84 
284 . Q+EMU L .  4 1 4 6 6 . 6  1 1 0CT84 
285 Q+ EMU L .  4 2 1 5 4 . 6  1 1 0CT84 
286 Q+EMU L .  4 2 2 5 7 . 6  1 1 0CT84 
287 Q+ EMU L .  4 2 3 57 . 6  1 1 0CT84 
288 Q+EMU L .  4 2 4 5 7 . 6  1 1 0CT84 
289 Q+ EMUL*R E D . 82 - S  4 1 1 67 . 6  1 1 0CT84 
290 . Q+EMU L*R ED . 82 - S  4 1 2 68 . 6  1 1 0CT84 
29 1 Q+EMU L*R E D . 8 2 - S  4 1 3 68 . 6  1 1  OCT8 4 
292 Q+ EMUL*R ED . 82- S 4 1 4 69 . 6  1 1 0CT84 
293 Q+ EMUL*R E D . 82- S 4 2 1 60 . 6  1 1 0CT84 
294 Q+ EMU L*R ED . 82- S 4 2 2 64 . 6  1 1 0CT84 
295 Q+EMU L*R ED . 8 2 - S  4 2 3 65 . 6  1 1 0CT84 
296 Q+EMU L*R ED . 8 2 - S  4 2 4 64 . 6  1 1 0CT84 
297 Q+EMU L*H I B- 7 1 78 4 1 1 6 3 . 6  1 1 0CT84 
298 Q+ EMU L*H I B- 7 1 78 4 1 2 65 . 6  1 1 0CT84 
299 Q+ EMU L*H I B- 7 1 78 4 1 3 66 . 6  1 1 0CT84 
3 00 Q+EMU L*H I B- 7 1 78 4 1 
.. 
4 65 . 6  1 1 0CT84 
3 0 1  Q+ EMU L*H I B- 7 1 78 4 2 1 64 . 6  1 1 0CT84 
302 Q+EMUL*H I B- 7 1 78 4 2 2 68 . 6  1 1 0CT84 
3 0 3  Q+EMU L*H I B- 7 1 78 4 ' 2 3 68 . 6  1 1 0CT84 
3 04 Q+EMU L*H I B- 7 1 78 4 2 4 69 . 6  1 1 0CT84 
305 Q+EMU L* I ND L . AS- 1 4 1 1 60 . 6  1 1 0CT84 
3 06 Q+EM U L* I ND L . AS- 1 4 1 2 65 . 6  1 1 0CT84 
3 07 Q+EM U L* I ND L . AS- 1 4 1 3 65 . 6  1 1 0CT84 
3 08 Q+ EMUL* I ND L . AS- 1 4 1 4 65 . 6  1 1 0CT84 
3 09 Q+EM U L* I ND L . AS- 1 4 2 1 65 . 6  1 1 0CT84 
3 1 0  Q+EMU L* I ND L . AS- 1 4 2 2 67 . 6  1 1 0CT84 
3 1 1 Q+EMU L* I ND L . AS- 1 4 2 3 67 . 6  1 1 0CT84 
3 1 2  Q+ EMU L* I ND L . AS- 1 4 2 4 67 . 6  1 1 0CT84 
3 1 3 Q*H . L I ME+H F . EMU L 4 1 1 5 3 . 6  1 1 0CT 84 
3 1 4  Q* H . L I ME+H F . EMU L 4 1 2 56 . 6  1 1 0CT84 
3 1 5 Q*H . L I ME+H F . EMU L 4 1 3 56 . 6  1 1 0CT84 
3 1 6  Q* H .  L I ME+H F .  EMU L 4 1 4 56 . 6  1 1 0CT84 
3 1 7  Q*H . • L 1  ME+H F .  EMU L 4 2 1 6 3 . 6  1 1 0CT84 
3 1 8  Q* H . L I ME+H F . EMU L 4 2 2 65 . 6  1 1 0CT84 
3 1 9  Q* H . L I ME+H F . EMU L 4 2 3 6 5 . 6  1 1 0CT84 
320 Q*H . I . .  I ME+H F .  EMU L  4 2 4 6 6 . 6  1 1 0CT84 
32 1 Q*TAA- 3000+ EMU L 5 1 1 6 1 . 0  1 70CT8 4  
3 2 2  Q*TAA- 3 000+ EMU L 5 1 2 6 1 . 0  1 7 0CT84 
3 2 3  Q*TAA- 3000+ EMU L  5 1 3 6 1 . 0  1 70CT84 
324 Q*TAA- 3 000+EMU L 5 1 4 6 1 . 0  1 70CT84 
325· Q*TAA- 3000+ EMU L 5 2 1 6 3 . 0  1 70CT84 
326 Q*TAA- 3 000+ EMU L 5 2 2 62 . 0  1 70CT8 4  
327 Q*TAA- 3000+EMU L  5 2 3 6 1 . 0  1 70CT84 
328 Q*TAA- 3000+ EMU L 5 2 4 6 1 . 0  1 70CT84 
329 Q*H I B- 7 1 78+ EMU L 5 1 1 6 3 . 0  1 70CT84 
3 30 .Q*H I B- 7 1 78+EMU L 5 1 2 66 . 0  1 70CT84 
3 3 1  Q*H I B- 7 1 78+EMU L 5 1 3 6 6 . 0  1 70CT84 
3 3 2 Q*H I B- 7 1 78+EMUL 5 1 4 66 . 0  1 70CT84 
3 3 3  Q*H I B- 7 1 78+EMUL 5 2 1 7 1 . 0. 1 70CT84 
3 3 4  Q*H I ·B - 7 1 .78+EMU L 5 2 2 69 . 0  1 70CT84 
3 3 5  Q*H I B- 7 1 78+ EMU L 5 2 3 70 . 0  1 70CT84 
3 36 Q*H I B- 7 1 78+EMU L 5 2 4 68 . 0  1 70CT84 
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TABLE 1 1 .  ( conti nued )  
SAS 1 0 :  1 4  
OBS TREAT W E E K  T E STS EC R EADNO R EAD I NG S  SASDAT E 
3 3 7  Q*RED . 82 - S+ EM U L  5 1 1 7 3  1 70CT84 
3 3 8  Q*R E D . 82 - S+ EM U L  5 1 2 7 1  1 70CT84 
3 3 9  Q*R ED . 82 - S+EMUL 5 1 3 7 1  1 70CT84 
340 Q*RED . 82 - S+ EM U L  5 1 4 7 1  1 70CT84 
3 4 1  Q*RED . 82 - S+ E M U L  5 2 1 6 1  1 70CT84 
342 Q*R ED . 82 - S+ E M U L  5 2 2 6 2  1 70CT84 
3 4 3  Q*R ED . 82 - S+ EMUL 5 2 3 6 1 1 7 0CT 84 
344 Q*RED . 82 - S+EMUL 5 2 4 6 1  1 70CT84 
345 N . A . + EMU L .  .5 1 1 5 3  1 70CT84 
346 . N . A . + EMU L .  5 1 2 5 1 1 70CT84 
347 N . A . +EMU L .  5 1 3 5 1 1 70CT84 
348 N . A . + EMU L .  5 1 4 5 1  1 7 0CT84 
349 N . A . +EMU L .  5 2 1 5 1  1 7 0CT84 
350 N . A . +EMU L . 5 2 2 5 1  1 7 0CT84 
3 5 1 N . A . +EMU L .  5 2 3 5 1  1 7 0CT84 
352 N . A . +EMU L .  5 2 4 5 1  1 7 0CT84 
3 5 3  Q*HYD . L i fwiE+EMU L 5 1 1 60 1 70CT84 
3 54 Q*HYD . L I M E+EMU L 5 1 2 6 1  1 7 0CT84 
3 5 5  Q*HYD . L I ME+ EMU L 5 1 3 6 1 1 7 0CT84 
3 56 Q*HYD . L I ME+EMUL 5 1 - 4 6 1 1 70CT84 
3 5 7  Q*HYD . L I M E+ EMU L 5 2 1 69 1 7 0CT84 
3 58 Q*HYD . L I M E+ EMU L 5 2 2 6 6  1 70CT84 
3 59 Q*HYD . L l  M E + EM U L  5 · 2 3 6 6  1 70CT84 
3 60 Q*HYD . L l  M E+ EMU L  5 2 4 6 6  1 70CT84 
3 6 1 Q+ EM U L .  5 1 1 6 7  1 70CT84 
362 Q+ EMU L .  5 1 2 6 6  1 70CT84 
3 6 3  Q+ EMU L .  5 1 3 6 6  1 70CT84 
364 Q+EMU L .  5 1 4 6 6  1 7 0CT84 
365 Q+EMU L .  5 2 1 6 6  1 70CT84 
3 66 Q+ EMU L .  5 2 2 6 6  1 70CT84 
367 Q+EMU L .  5 2 3 6 4  1 7 0CT84 
368 Q+EMU L .  5 2 4 6 6  1 70CT8 4  
3 6 9  Q+EMUL*RED . 82 - S  5 1 1 7 1  1 70CT84 
3 70 Q+EMU L*RED . 82 - S  5 1 2 6 6  1 7 0CT84 
3 7 1  Q+EMU L*R E D . 8 2 - S  5 1 3 6 6  1 70CT84 
372 Q+EMU L*R E D . 8 2 - S  5 1 4 6 6  1 7 0CT84 
3 7 3  Q+EMU L*R E D . 8 2 - S  5 2 1 7 1  1 70CT84 
374 Q+[MU L*R ED . 8 2 - S  5 2 2 6 9  1 70CT84 
315 Q+EMU L*R E D . 82 - S  5 2 3 6 8 1 70CT84 
3 76 Q+ EMUL* R E D . 82 - S  5 2 4 69 ' 1 70CT84 
377 Q+ EMU L*H I B- 7 1 7 8 5 1 1 6 7  1 70CT8 4  
3 78 Q+EMU L*H I_ B- 7 1 78 5 1 2 6 4  1 70CT84 
3 79 Q+ EMU L*H I B- 7 1 78 5 1 3 6 1  1 70CT84 
380 Q+ EMU L*H I B- 7 1 78 5 1 4 6 1 1 70CT84 
3 8 1  Q+EMU L*H I B- 7 1 78 5 2 1 64 1 70CT84 
382 Q+EMU L*H I B- 7 1 78 5 2 2 6 6  1 7 0CT84 
3 8 3  Q+EMU L*H I B - 7 1 78 · 5 2 3 64 1 70CT84 
384 Q+ EMU L*H I B- 7 1 78 5 2 4 66 1 70CT84 
385 Q+ EMU L* I ND L . AS- 1 5 1 1 6 4  1 70CT84 
386 .Q+ EMU L* I N D L . AS- 1 5 1 2 6 4  1 70CT84 
387 Q+EM U L* I ND L . AS- 1 5 1 3 64 1 7 0CT84 
388 Q+ EMU L* I ND L . AS- 1 5 1 4 64 .1 7 0CT84 
389 Q+ EMU L* I ND L . AS- 1 5 2 1 7 1  1 7 0CT84 
3 90 Q+EM� L* I N DL . AS- 1 5 2 2 1 1  1 7 0CT84 
39 1 Q+EMU L* I ND L . AS- 1 5 2 3 7 1  1 7 0CT84 
392 Q+EMUL* I NDL . AS- 1 5 2 4 7 1  1 7 0CT84 
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TABLE 1 1 .  ( continued ) 
SAS 1 0 :  1 4  
OBS T R EAT W E E K  T EST SEC R EADNO R EAD I NG S  SAS DAT E 
3 9 3  Q*H . L I ME+H f . EMU L  5 1 1 64 1 7 0CT84 
394 Q*H . L I ME+H f . EMU L  5 1 2 6 1 1 70CT84 
395 Q*H . L I ME+H f . EMU L 5 1 3 6 1 1 7 0CT84 
396 Q*H . L I ME+H f . EMU L  5 1 4 6 1 1 70CT84 
3 97 Q*H . L I ME+H f . EMU L 5 2 1 66 1 70CT84 
398 Q*H . L I ME+H f . EMUL 5 2 2 64 1 7 0CT84 
399 Q*H . L I M E+ H f . EMU L 5 2 3 6 6  1 70CT84 
400 Q*H . L I HE+H f . EHU L 5 2 4 6 6  1 70CT84 
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TABLE 12 . FALL SEASON : Week l y  Ave ra ge Sk i d  (SN) fo r each Treatmen t .  
SAS 
ANALYS I S  O F  VAR I ANCE PROCEDUR E 
M EA N S  
T R EAT W E E K  N R EAD I NG S  
N . A . +EMU L .  1 8 50 . 500 
N . A . + EMU L .  ' 2  8 50 . 6 2 5  
N . A . +EMU L .  3 8 45 . 8 7 5  
N . A . +EMU L .  4 8 5 5 . 225 
N . A . + EMU L .  5 8 5 1 . 2 50 
Q+ EMUL .  1 8 57 . 750 
Q+ EMU L .  2 8 6 1 . 1 25 
Q+ EMU L .  3 8 60 . 6 2 5  
Q+ EMU L .  4 8 6 1  . . 225 
Q+ EMU L .  5 8 6 5 . 8 7 5  
Q+ EMUL*H I B- 7 1 7 8  1 8 6 6 . 000 
Q+EMU L*H I B- 7 1 7 8  2 8 7 1 . 3 7 5  
Q+ EMU L*H I B- 7 1 7 8  3 8 68 . 3 7 5  
Q+ EMU L*H I B- 7 1 7 8  4 8 66 . 600 
Q+EMU L*H I B- 7 1 7 8  5 8 64 . 1 2 5  
Q+EMU L* I N D L . AS - 1 1 8 66 . 625 
Q+EMU L* I NO L . AS - 1 2 - 8 7 1 . 50 0  
Q+EMUL* I NO L . AS - 1 3 8 67 . 1 2 5 
Q+EMU L* I NO L . AS - 1 4 8 65 . 725 
Q+EMU L* I N D L . AS- 1 5 8 6.7 . 500 
Q+EMUL*R E D . 82 - S  1 8 7 1 . 3 7 5· 
Q+EMU L*R E 0 . 82 - S  2 8 70 . 250 
Q+EMUL*R E D . 82 - S  3 8 6 5 . 250 
Q+EMU L*R £ 0 . 82 - S  4 8 66 . 2 2 5  
Q+EMU L*R E D . 82 - S  5 8 6 8 . 250 
Q*H . L I ME + H F . EMUL 1 8 58 . 000 
Q*H . L I ME+H F . E M U L  2 8 6 1 . 3 7 5  
Q*H . L I ME+H F . EMUL 3 8 5 7 . 1 25 
Q*H . L I ME + H F . E M U L  4 8 6 0 . 600 
Q*H . L I M E+ H F . EMU L 5 8 6 3 . 62 5  
Q*H I B- 7 1 7 8 + EM U L 1 8 60 . 1 2 5 
Q*H I B- 7 1 7 8 + EM U L  2 . ' 8 66 . 3 7 5  
Q*H I B- 7 1 7 8 + EMU L 3 8 6 5 . 8 7 5  
Q*H I B- 7 1 7 8 + EM U L  4 8 68 . 8 5 0  
Q*H I B- 7 1 7 8 + EM U L  5 8 67 . 3 75 
Q*HYO . L I M E+ E M U L  1 8 56 . 500 
Q*HYO . L I M E+ EM U L  2 · 8 65 . 6 2 5  
Q*HYO .' L I M E+EMU L 3 8 65 . 1 2 5  
Q�HYO . L I M E+ EM U L  4 8 59 . 1 00 
Q*HYO . L I M E + E M U L  5 8 6 3 . 7 50 
Q*R E0 . 82 - S+EM U L  1 8 62 . 6 2 5  
Q*R £0 . 82 - S+ EMU L 2 8 67 . 000 
Q*R E0 . 8� - S+ EMU L 3 8 6 3 . 6 2 5  
Q*R £0 . 82 - S+ EMU L 4 8 62 . 3 50 
Q*R £0 . 82 - S+EMU L 5 8 66 . 3 7 5 
Q*TAA- 3 0 0 0 + EMU L 1 8 56 . 3 75 
Q*TAA• 3 00 0 + E M U L  2 8 67 . 2 5 0  
Q*TAA- 3 0 0 0 + EMU L 3 8 65 . 250 
Q*TAA- 3 00 0 + E M U L  4 8 64 . 4 7 5  
Q*TAA- 3 000+ EMU L  5 8 6 1 . 3 7 5  
TABLE 13 �  FAll SEASON : Wa l l er Test for Sort ing  the Mean s  
o f  Ski d Number (SN ) for Di fferent Treatments . 
M EANS W I TH T H E  SAM E L ET T E R  A R E  NOT S I GN I F I CANT LY D I F F E R E N T . 
WA LLER GROU P I NG M EAN N TR EAT 
E 
E 
E 
TABLE 14 .  
A 68 . 2 7 0  4 0  Q+ EMUL*R E D . 82- S 
A 
A 67 . 695 40 Q+ EMU L* I N D L . AS- 1 
A 
A 67 . 295 40 Q+ EMU L* H I B-7 1 78 · 
8 65 . 720 40 Q*H I B- 7 1 78+ EMU L 
c 64 . 3 9 5  4 0  Q*R E D . 82 - S+ EMU L 
D 62 . 945 40 Q*TAA• 3 000+EMU L 
D 
D 62 . 020 40 Q*HYD . L l  ME+ EMU L 
6 1 . 3 20 40 Q+ EMU L .  
F 60 . 1 45 40 Q*H . L I ME+H F . EMU L 
-
G 5 0 . 695 40 N . A . +EMU L .  
FALL SEASON : Wal l er Test for Sort i ng the Means 
of Sk i d  Number (SN) for Week ly Vari ati ons . 
MEANS W I TH TH E SAM E LETT E R  A R E  NOT S I GN I F I CANT LY D I F F ER EN T . 
WALLER GROU P I NG M EAN N W E E K  
A 65 . 250 80 2 
B 6 3 . 950 80 5 
c 6 3 . 0 3 7  80 4 
c 
G 62 . 425 80 3 
D 60 . 5 8 7  8 0  , 
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TABLE 15 . SP.R ING SEASON : Sk i d  Number ( SN )  Measured by the 
Bri ti sh  Portabl e Ski d Tester.  
SAS 
OBS T R EAT W E E K  T E STSEC R EAD N O  R EAD I NGS 
1 Q*TAA- 3000+ EMUL 1 1 1 5 0  
2 Q*TAA- 3000+ E M U L  1 1 2 49 
3 Q*TAA- 3000+EMUL 1 1 3 4 9  
4 Q*TAA- 3000+ E M U L  1 1 4 50 
5 Q*TAA- 3000+EMUL 1 2 1 5 2  
6 Q*TAA- 3000+EMUL 1 2 2 5 1 
7 Q*TAA- 3000+EMUL 1 2 3 5 1 
8 Q*TAA- 3000+EMU L 1 2 4 5 1  
9 Q*H I B- 7 1 78+EMUL 1 1 1 54 
1 0  Q*H I B - 7 1 78+EMUL 1 1 2 5 2  
1 1  Q*H I B - 7 1 78+EM U L  1 1 3 52 
1 2  Q*H I B-7.1 78+EMUL 1 1 4 5 2  
1 3  Q*H I B- 7 1 78+EM U L  1 2 1 5 6  
. 1 4  Q*H I B- 7 1 78+EMUL 1 2 2 5 4  
1 5  Q*H I B- 7 1 78+EM U L  1 2 3 5 3  
1 6  Q*H I B- 7 1 78+EMUL 1 2 4 54 
1 7  Q*R E0 . 82- S+EMUL 1 1 1 60 
1 8  Q*R ED . 82 - S+EMU L  1 1 - 2  5 9  
1 9  Q*R ED . 82 - S+EMUL 1 1 3 5 9  
2 0  Q*RED . 82- S+ E M U L  1 1 4 5 9  
2 1  Q*RED . 82- S+EM U L  1 2 1 49 
22 Q*R ED . 82- S+EM U L  1 2 2 52 
2 3  Q*R ED . 82- S+EM U L  1 · 2 3 52 
24 Q*RED . 82- S+EMUL 1 2 4 52 
2 5 . N .  A .  +EMU L .  1 1 1 50 
26 N . A . +EMU L .  1 1 2 48 
27 N . A . +EMU L .  1 1 3 49 
28 N . A . +EMU L .  1 1 4 49 
29 N . A . +EMU L .  1 2 1 45 
30 N . A . +EMU L .  1 2 2 44 
3 1  N . A . +EMU L . 1 2 3 44 
32 N . A . +EMU L .  1 2 4 44 
3 3  Q*HYO . L I M E+ EMU L 1 1 1 49 
3 4 Q*HYO . L I M E+EMU L 1 1 2 49 
35 Q*HYO . L I M E+ EMU L 1 1 3 49 
36 Q*HYD . L I M E+ EMU L 1 1 4 49 
3 7  Q*HYD . L I ME+EMUL 1 2 1 5 3  
3 8  Q*HYD . L l  M E+ EMU L 1 2 2 54 
3 9  Q*HYD . L I ME+EMUL 1 2 3 5 4  
40 Q*HYD . L I ME+EMUL 1 2 4 54 
4 1  Q+EMU l .  1 1 1 54 
42 Q+EMU L • . 1 1 2 56 
4 3 Q+ EMU L .  1 1 3 54 
44 Q+ EMU L .  1 1 4 5 4  
45 Q+ EM U L . 1 2 1 5 3  
4 6  Q+ EMU L .  1 2 2 52 
47 Q+ EMU L .  1 2 3 52 
48 Q+EMU L .  1 2 4 52 
49 Q+ EMUL*R E 0 . 82- S 1 1 1 5 7  
5 0  Q+ EMU L* R ED . 8 2 - S  1 1 2 59 
5 1 Q+ EMU L*R ED . 82- S 1 1 3 59 
52 Q+ EMU L*R E0 . 8 2- S 1 1 4 59 
53 Q+ EMU L*R E D . 82 - S  1 2 1 5 5  
5 4  Q+ EMU L* R E D . 82 - S  1 2 2 54 -
5 5  Q+ EMU L*R E D . 8 2 - S  1 2 3 5 5  
56 Q+ EMU L*R E D . 82- S  1 2 4 5 5  
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1 6 : 06 
SASOAT E 
1 9APR85 
1 9APR85 
1 9A PR8 5 
1 9A PR8 5 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR8 5 
1 9A PR85 
1 9A PR8 5 
1 9A PR8 5 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR8 5 
1 9A P R85 
1 9A PR85 
1 9A PR 8 5  
1 9A P R85 
1 9A PR85 
1 9A PR85 
1 9A P R85 
1 9A P R85 
1 9A P R85 
1 9A P R85 
1 9APR85 
1 9A P R85 
1 9A P RS 5 
1 9A PR85 
1 9APR85 
1 9A PR85 
1 9A PR85 
1 9A PR8 5 
1 9A PR85 
1 9A PR8 5 
1 9A PR8 5 
1 9A PR 8 5  
1 9A PR8 5 
1 9A PR8 5 
1 9A PR85 
1 9A PR85 
. 1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
1 9A PR85 
.... .__ . 
1 1 1  
TABLE 15 . ( conti nued ) 
SAS · 1 6 : 0 6 T:� :  
OBS TREAT W E E K  T EST S EC R EADNO R EAD I NGS SAS DAT E 
5 7  Q+EMU L*H I B- 7 1 78 1 1 1 5 7 . 0  1 9A PR8 5 
58 Q+EMU L*H I B- 7 1 78 1 1 2 54 . 0  1 9A PR85 
59 Q+ EMU L*H I B- 7 1 78 1 1 3 5 4 . 0  1 9A PR8 5 
60 Q+EMU L*H I B- 7 1 78 1 1 4 5 5 . 0  1 9A PR85 
6 1 Q+EMU L*H I B- 7 1 78 1 2 1 59 . 0  1 9A PR 8 5  
6 2  Q+EMUL*H I B- 7 1 78 1 2 2 59 . 0  1 9A PR85 
63 Q+EMU L*H I B- 7 1 78 1 2 3 5 7 . 0  1 9A PR85 
64 Q+EMU L*H I B- 7 1 7 8 1 2 4 59 . 0  1 9A PR8 5 
65 Q+EMU L* I N D L . AS- 1 1 1 1 5 7 . 0  1 9A PR8 5 
66 Q+EMU L* I N D L . AS- 1 1 1 2 5 7 . 0  1 9A PR8 5 
67 Q+EMU L* I N D L . AS- 1 1 1 3 5 7 . 0  1 9A PR 8 5  
68 · Q+EMU L* I N D L . AS- 1 1 1 4 5 7 . 0  1 9A P R 8 5  
6 9  Q+EMUL* I N D L . AS- 1 1 2 1 5 5 . 0  1 9A PR85 
70 Q+EMU L* I N D L . AS- 1 1 2 2 5 4 . 0  1 9APR85 
7 1  Q+EM U L* I N D L . AS- 1 1 2 3 5 4 . 0  1 9A P R 8 5  
7 2  Q+EMUL* I N D L . AS- 1 1 2 4 5 5 . 0  1 9A PR85 
73 Q*H . L I M E+H F . EMU L  1 1 1 5 4 . 0  1 9A PR85 
74 Q*H . L I ME+H F . EMU L 1 1 2 5 4 . 0  1 9� PR85 
75 Q*H . L I ME+H F . EMU L 1 1 3 5 4 . 0  1 9A PR 8 5  
7 6  Q*H . L I M E+H F . EMU L 1 1 4 5 4 . 0  1 9A PR85 
7 7  Q*H . L I M E+H F . EMU L 1 2 , 57 . 0  1 9A PR85 
78 Q*H . L I M E+H F . EMU L 1 2 2 56 . 0  1 9A PR85 
79 Q*H . L I ME+H F . EMU L  1 2 3 55 . 0  1 9A P R85 
8 0  Q*H . L I M E+H F . EMU L  1 2 4 5 5 . 0  1 9A P R85 
8 1  Q*TAA- 3 000+ EMU L 2 • 1 1 50 . 2  0 2 MAY8 5  
82 Q*TAA- 3000+ EMU L 2 1 2 49 . 2  02MAY8 5 
8 3  Q*TAA- 3000+EMU L 2 1 3 49 . 2  02 MAY8 5 
84 Q*TAA- 3000-+EMUL 2 1 4 49 . 2  0 2MAY8 5 
85 Q*TAA- 3000+EMUL 2 2 1 5 1 . 2 0 2 MAY8 5 
86 Q*TAA- 3000+ EMU L 2 2 2 52 . 2  0 2MAY8 5  
87 Q*TAA- 3000+EMU L 2 2 3 52 . 2  0 2MAY8 5 
88 Q*TAA- 3000+EMU L 2 2 4 5 1 . 2  0 2MAY85 
89 Q*H I B-7 1 78+ EMU L 2 1 1 5 5 . 2  0 2 MAY85 
90 Q*H I B- 7 1 78+ EMU L 2 1 2 5 4 . 2  0 2 MAY8 5 
9 1  Q*H I B- 7 1 78+ EMU L 2 1 3 5 4 . 2  0 2 MAY8 5 
92 Q*H I B-7 1 78+EMU L 2 1 4 5 4 . 2 0 2 MAY8 5 
9 3  Q*H I B-7 1 78+EMU L 2 2 1 56 . 2  0 2MAY8 5 
94 Q*H I B- 7 1 78+ EMU L  2 2 2 5 5 . 2  0 2MAY8 5 
95 Q*H. I B - 7 1 78+EMU L 2 2 3 54 . 2  02MAY8 5 
96 Q*H I B- 7 1 78+ EMU L 2 2 4 5 5 . 2  02MAY8 5 
9 7  Q*RED . 82 - S+EMUL 2 1 1 60 . 2  0 2 MAY85 
98 Q*R ED . 82 - S+ EMU L 2 1 2 58 . 2  02 MAY85 
99 Q*RE0 . 82 - S+EMOL 2 1 3 59 . 2  02 MAY8 5 
1 00 Q* RED . 82 � S+EMU L 2 1 4 59 . 2  0 2MAY8 5 
1 0 1  Q*R ED . 82 - S+EMU L 2 2 1 5 3 . 2  0 2MAY8 5 
1 02 Q*RED . 82 - S+EMU L 2 2 2 57 . 2  02MAY8 5 
1 0 3 Q*R ED . 82 - S+ EMU L 2 2 3 57 . 2  0 2MAY85 
1 04 Q*R ED . 82 - S+ EMU L 2 2 4 5 7 . 2  0 2MAY85 
1 05 N . A . +EMU L .  2 1 1 5 1 . 2 0 2MAY8 5 
1 06 N . A . +EMU L .  2 1 2 50 . 2  0 2MAY85 
1 07 N . A . +EMU L .  2 1 3 5 0 . 2  0 2 MAY8 5 
1 08 N . A . +EMU L .  2 1 4 50 . 2  02MAY8 5 
1 09 N . A . +EMU L .  2 2 1 5 0 . 2  0 2MAY85 
1 1 0 N . A . +EMU L .  2 2 2 48 . 2  0 2MAY8 5 
1 1 1 N . A . +EMU L .  2 2 3 47 . 2 . 0 2MAY8 5 
1 1 2 N . A . +EMU L .  2 2 4 4 7 . 2  02MAY85 
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TABLE 15 . ( conti nued ) 
SAS 1 6 : 06 T H U I  
OBS TREAT WE E K  T E STS EC READ NO R EAD I NGS SASDA T E  
1 1 3  Q*HYD . L I ME+EMUL 2 1 1 5 3 . 2  0 2MAY85 
1 1 4 Q*HYD . L I ME+ EMU L 2 1 2 50 . 2  0 2 MAY85 
1 1 5  Q*HYD . L I M E+EMUL 2 1 3 50 . 2  0 2MAY8 5 
1 1 6 Q*HYD . L I M E+EMU L 2 1 4 50 . 2  02MAY85 
1 1 7 Q*HYD . L I ME+EM U L  2 2 1 54 . 2  0 2MAY85 
1 1 8 Q*HYD . L l  ME+EMUL 2 2 2 50 . 2  0 2MAY8 5 
1 1 9 Q*HYD . L l  ME+EMUL 2 2 3 5 3 . 2  02MAY8 5 
1 20 - Q*HYD . L I M E+EMUL 2 2 4 5 3 . 2  0 2MAY8 5 
1 2 1 Q+EMU L .  2 1 1 5 3 . 2  02MAY85 
1 22 Q+EMU L .  2 1 2 5 3 . 2  02MAY8 5 
1 2 3 Q+EMU L . � 1 3 5 3 . 2  0 2 MAY8 5 
1 24 Q+EMU L .  2 1 4 5 3 . 2  0 2MAY8 5 
1 2 5 Q+ EMU L .  2 2 1 54 . 2  0 2MAY8 5 
1 26 Q+EMU L .  2 2 2 5 3 . 2  0 2 MAY8 5 
1 2 7 Q+EMU L .  2 2 3 5 3 . 2  0 2 MAY8 5 
1 28 Q+ EMU L .  2 2 4 5 3 . 2  0 2 MAY8 5 
1 29 Q+ EMU L*RED . 82 - S  2 1 1 5 5 . 2  02MAY8 5 
1 30 Q+ EMU L*R ED . 82 - S  2 1 2 5 4 . 2  0 2 MAY85 
1 3 1  Q+ EMU L*RED . 82 - S  2 1 3 5 4 . 2  0 2 MAY8 5 
1 32 Q+ EMUL*R E D . 82 - S  2 1 4 55 . 2  0 2 MAY8 5 
1 3 3 Q+ EMU L*R E D . 82 - S  2 ' 2 1 56 . 2  0 2MAY8 5 
1 34 Q+EM U L*R ED . 82 - S  2 2 2 56 . 2  0 2 MAY8 5 
1 3 5 Q+ EMUL*RED . 82 - S  2 2 3 55 . 2  02MAY8 5 
1 36 Q+ EM UL*RED . 8 2 - S  2 2 4 55 . 2  02MAY8 5 
1 3 7 Q+ EMU L*H I B- 7 1 78 2 1 1 56 . 2  02MAY8 5 
1 38 Q+EMU L*H I B- 7 1 78 2 1 2 55 . 2  0 2 MAY8 5 
1 39 Q+ EMU L*H I B- 7 1 78 2 1 3 55 . 2  0 2 MAY8 5 
1 40 Q+EMU L*H I B- 7 1 78 2 1 4 54 . 2  0 2 MAY8 5 
1 4 1  Q+EM U L*H I B- 7 1 78 2 2 1 60 . 2  02MAY8 5 
1 42 Q+EMU L*H I B- 7 1 78 2 2 2 58 . 2  0 2 MAY8 5  
1 4 3 Q+EMU L*H I B- 7 1 7 8 2 2 3 58 . 2  0 2 MAY8 5  
1 44 Q+EMU L*H I B- 7 1 78 2 2 4 58 . 2  02MAY85 
1 45 Q+EMU L* I N DL . AS- 1 2 1 1 58 . 2  0 2 MAY8 5 
1 46 Q+EMU L* I N DL . AS- 1 2 1 2 57 . 2  0 2MAY85 
1 47 Q+ EMU L* I NDL . AS- 1 2 1 3 57 . 2  0 2 MAY8 5  
1 48 Q+ EMU L* I NDL . AS- 1 2 1 4 57 . 2  02MAY85 
1 49 Q+EMU L* I ND L . AS- 1 2 2 1 56 . 2  0 2MAY8 5 
1 50 Q+EMU L* I ND L . AS- 1 2 2 2 55 . 2  0 2 MAY8 5  
1 5 1  Q+ EMU L* I ND L . AS- 1 2 2 3 55 . 2  0 2MAY8 5 
1 52 Q+EMU L* I�DL . AS- 1 2 2 4 55 . 2  0 2MAY8 5 
1 5 3 Q*H . L I ME+H F . EMU L  2 1 1 56 . 2  0 2 MAY8 5 
1 5 4 Q*H . L I ME+H F . EMU L 2 1 2 55 . 2  02MAY8 5 
1 5 5 Q*H . L l  ME+H F .  EMU L 2 1 3 55 . 2  0 2 MAY8 5 
1 56 Q*H . L I ME+H F . EMU � 2 1 4 56 . 2  0 2 MAY8 5 
1 5 7 Q*H . L I ME+H F . EMU L 2 2 1 57 . 2  02MAY8 5 
1 58 Q*H . L I ME+H F . EMU L 2 2 2 57 . 2  02 MAY8 5 
1 5 9 Q*H . L I M E+H F . EMU L 2 2 3 57 . 2  02 MAY8 5 
1 60 Q*H . L I ME+H F . EMUL 2 2 4 55 . 2  0 2 MAY8 5 
1 6 1  Q*TAA- 3 000+EM U L  3 1 1 49 . 8  0 9 MAY8 5  
1 62 Q*TAA- 3 000+EM U L  3 1 2 5 1 . 8  09MAY8 5 
1 6 3 Q*TAA- 3 000+EMUL 3 1 3 5 1 . 8  0 9 MAY8 5 
1 64 Q*TAA- 3 000+ EMU L 3 1 4 5 1 . 8  09MAY8 5 
1 65 Q*TAA- 3 000+ EMU L 3 2 1 54 . 8  0 9 MAY8 5 
1 66 Q*TAA- 3 000+EMUL 3 2 2 5 3 . 8  0 9 MAY8 5  
1 67 Q*TAA- 3000+EMUL 3 2 3 5 3 . 8  0 9 MAY8 5 
1 68. Q*TAA- 3 000+ EMU L 3 2 4 5 3 . 8  09MAY8 5 
1 1 3 
TABLE 15 . ( conti nued } 
SAS 1 6 : 0 6 
085 T R EAT WE E K  T ESTSEC R EAD NO R EAD I NGS SASDAT E 
1 69 Q*H I B- 7 1 78+EMUL 3 1 1 5 5 . 8  0 9MAY85 
1 70 Q*H I B- 7 1 78+EMUL 3 1 2 5 6 . 8  09MAY85 
1 7 1 Q*H I B- 7 1 78+EMUL 3 1 3 56 . 8  0 9 MAY85 
1 72 Q*H I B- 7 1 78+EMUL 3 1 4 56 . 8  0 9 MAY85 
1 7 3 Q*H I B- 7 1 78+EMUL 3 2 1 57 . 8  0 9MAY85 
1 74 Q*H I B- 7 1 78+EMUL 3 2 2 59 . 8  0 9 MAY85 
1 7 5 Q*H I B- 7 1 78+EMU L 3 2 3 59 . 8  0 9 MAY85 
1 76 Q*H I B- 7 1 78+ EMU L 3 2 4 59 . 8  0 9 MAY85 
1 7 7 Q*R ED . 82- S+EMU L 3 1 1 57 . 8  0 9 MAY8 5 
1 78. Q*R ED . 82- S+ EMUL 3 1 2 56 . 8  09MAY85 
1 79 Q*R E D . 82 - S+ EMU L 3 1 3 5 6 . 8  0 9 MAY8 5 
1 80 Q*R E D . 82- S+ EMU L 3 1 4 56 . 8  0 9 MAY85 
1 8 1  Q*R E D . 82 - S+ EMU L 3 2 1 56 . 8  0 9 MAY85 
1 82 Q*R E D . 82 - S+ EM U L  3 2 2 56 . • 8 0 9MAY85 
1 8 3 Q*R ED . 82 - S+ EMU L 3 2 3 56 . 8  09MAY8 5 
1 84 Q*R ED . 82 - S+EMUL 3 2 4 56 . 8  09MAY85 
1 8 5 N . A . + EMU L .  3 1 1 52 . 8  09MAY85 
1 86 N . A . +EMU L .  3 1 2 5 1 . 8  09MAY85 
1 87 N . A . + EMU L .  3 1 3 5 1 . 8  09MAY85 
1 88 N . A . +EMU L .  3 1 4 5 1 . 8  09MAY85 
1 89 N . A . +EMU L .  3 2 1 5 1 . 8  09MAY85 
1 90 N . A . +EMU L .  3 2 2 49 . 8  09MAY85 
1 9 1  N . A . +EMU L .  3 ,2 3 50 . 8  09 MAY8 5 
1 92 N . A . +EMU L .  3 2 4 49 . 8  09 MAY8 5 
1 9 3 . Q*HYD . L I M E+ EMUL 3 1 1 54 . 8  09 MAY8 5 
1 94 Q*HYD . L l  M E+ EMU L 3 1 2 54 . 8  09 MAY8 5 
1 9 5 Q* HYD . L 1  M E+ EM U L  3 1 3 54 . 8  09 MAY85 
1 96 Q* HYD . L l  M E+ EMU L 3 1 4 54 . 8  09 MAY8 5 
1 9 7 Q*HYD . L I M E+ EMU L 3 2 1 56 . 8  09 MAY85 
1 9 8 Q*HYD . L 1  M E+ EMU L 3 2 2 56 . 8  09 MAY8 5 
1 99 Q* HYD . L l  M E+ EM U L  3 2 3 5 6 . 8  09 MAY8 5 
200 Q*HYD . L I ME+EMUL 3 2 4 5 5 . 8  09 MAY85 
20 1 Q+ EMU L .  3 1 1 54 . 8  09 MAY8 5 
202 Q+EMU L .  3 1 2 54 . 8  09 MAY8 5 
203 Q+ EMU L .  3 1 3 54 . 8  09 MAY8 5 
204 Q+ EMU L .  3 1 4 54 . 8  09 MAY8 5 
205 Q+ EMU L .  3 2 1 5 5 . 8  09 MAY85 
206 Q+ EMU L .  3 2 2 54 . 8  09.MAY8 5 
207 Q+ EMU L .  3 2 3 5 3 . 8  09MAY8 5 
208 Q+ EMU L .  3 2 4 5 3 . 8  09 MAY8 5 
209 Q+ EMU L*R E D . 82 - S  3 1 1 56 . 8  09MAY8 5 
2 1 0  Q+ EMU L*:R E D . 82- S 3 1 2 59 . 8  0 9 MAY8 5 
2 1 1 Q+ EMU L*R E D . 82- S 3 1 3 56 . 8  09MAY8 5 
2 1 2  Q+ EMU L*R E D . 82 - S  3 1 4 56 . 8  09MAY8 5 
2 1 3 Q+ EMU L*R E D . 82 - S  3 2 1 5 6 . 8  0 9 MAY85 
2 1 4  Q+ EMU L*R E D . 82- S 3 2 2 5 6 . 8  0 9 MAY8 5  
2 1 5  Q+ EMU L*R ED . 82- S 3 2 3 5 5 . 8  0 9 MAY85 
2 1 6  Q+ EMU L*R E D . 82 - S  3 2 4 5 6 . 8  0 9 MAY85 
2 1 7 Q+ EMU L*H I B- 7 1 7 8 3 1 1 5 7 . 8  0 9 MAY8 5  
2 1 8  Q+ EMUL*H I B- 7 1 7 8  3 1 2 56 . 8  0 9MAY85 
2 1 9 Q+ EMU L*H I B- 7 1 7 8 3 1 3 5 6 . 8  0 9 MAY8 5 
220. Q+ EMU L*H I B- 7 1 7 8  3 1 4 5 5 . 8  0 9MAY85 
22 1 Q+ EMU L*H I B- 7 1 78 3 2 1 6 1 . 8  0 9 MAY85 
222 Q+ EMUL*H I B- 7 1 78 3 2 2 5 9 . 8· 0 9 MAY85 
223 Q+ EMU L*H I B- 7 1 7 8 3 2 3 5 9 . 8  0 9MAY85 
224 Q+ EMU L*H I B- 7 1 78 3 2 4 6 0 . 8  0 9 MAY8 5  
1 14 
TABLE 15 . ( cont i nued ) 
SAS - 1 6 : 06 T•  
085 TREAT W E E K  T ESTSEC R EADNO R EAD I NGS SAS OAT E 
225 Q+EM U L* I ND L . AS- 1 3 , 1 5 5 . 8  09MAY8 5 
226 Q+EMU L* I ND L . AS- 1 3 1 2 5 4 . 8  09MAY8 5 
227 Q+EMU L* I ND L . AS- 1 3 1 3 5 4 . 8  09MAY8 5 
228 Q+EMU L* I ND L . AS- 1 3 , 4 54 . 8  0 9 MAY8 5 
229 Q+EMU L* I ND L . AS- 1 3 2 1 56 . 8  09MAY8 5 
2 30 Q+EMU L* I ND L . AS- 1 3 2 2 5 4 . 8  0 9 MAY8 5 
2 3 1  Q+EMU L* I ND L . AS- 1 3 2 3 5 5 . 8  09MAY8 5 
2 3 2  Q+EMUL* I ND L . AS- 1 3 2 4 5 5 . 8  0 9 MAY8 5 
2 3 3  Q*H . L I ME+H F . EMU L 3 , 1 56 . 8  09MAY8 5 
2 3 4  Q*H . L I M E+H F . EMU L 3 1 2 5 5 . 8  0 9 MAY8 5 
2 3 5  Q*H . L I M E+H F . EMU L 3 1 3 56 . 8  09MAY8 5 
2 3 6 . Q*H . L I M E+H F . EMU L 3 1 4 56 . 8  09MAY8 5 
2 3 7  Q*H . L I M E+H F . E M U L  3 2 1 56 . 8  09MAY8 5 
2 38 Q*H . L I M E+H F . EMU L 3 2 2 56 . 8  09 MAY85 
2 3 9  Q* H . L I M E+H F . EMU L 3 2 3 5 7 . 8 . 0 9 MAY8 5 
2 40 Q*H . L 1  M E+H F .  EMU L  3 2 4 56 . 8  0 9 MAY85 
· TABLE 16 . SPR I NG SEASON : Overa l l Average 
and the Wee k l y  Average Sk i d  
Number ( SN ) for· each Trea.tment . 
SAS 
ANALYS I S  Of VAR I ANCE PROCEDUR E 
MEANS 
T R EAT N READ I NGS 
N . A . +EMU L . 24 49 . 08 3 3 3 3 3  
Q+EMU L .  24 5 3 . 79 1 6667 
Q+EMU L*H I B- 7 1 7 8 24 57 . 458 3 3 3 3  
Q+EMUL* I ND L . AS- 1 24 55 . 8 75 0000 
Q+ EM U L* R ED . 82 - S  2 4  56 . 29 1 6667 
Q*H . L I M E+H F . EMUL 24 55 . 9 5 8 3 3 3 3  
Q*H I B- 7 1 7 8 + EM U L  24 55 . 3 75 00 00 
Q*HYD . L I ME+EMU L 24 52 . 958 3 3. 3 3  
Q*RE0 . 82 - S+ EMU L 24 56 . 6250000 
Q*TAA- 3000+ EMU L 24 5 1 . 208 3 3 3 3  
W E E K  N R EAD I NGS 
1 80 5 3 . 4 3 7 5  
2 80 54 . 2 375 
3 80 55 . 7 1 25 
T R EAT WE E K  N R EAD I NGS 
N . A . +EMU L .  1 8 46 . 62 5 
N . A . + EMU L .  2 8 49 . 3 2 5  
N .  A .  +EMU L . 3 8 5 1 . 300 
Q+ EMU L .  1 8 5 3 . 3 7 5  
Q+EMU L . 2 8 5 3 . 3 2 5  
Q+EMU L .  3 8 54 . 6 7 5  
Q+EMU L*H I B- 7 1 7 8 1 8 56 . 7 5 0  
Q+ EMU L*H I B- 7 1 7 8  2 8 56 . 9 5 0  
Q+ EMU L*H I B- 7 1 7 8  3 8 58 . 675 
Q+EMU L* I ND L . AS- 1 1 8 55 . 7 5 0  
Q+ EMU L* I ND L . AS- 1 2 8 56 . 450 
Q+EMU L* I ND L . AS- 1 3 8 5 5 . ·425 
Q+EMU L*R ED . 8 2 - S 1 8 56 . 625 
Q+ EMU L*R E0 . 82 - S  2 8 5 5 . 200 
Q+ EMU L*R ED . 82 - S  3 8 57 . 050 
Q�H . L I ME+H F . EMU L 1 8 54 . 875 
Q*H . L I M E+H F . EMU L 2 8 56 . 200 
Q*H . L I ME+H F . EMU L 3 8 56 . 800 
Q*H I B - 7 1 7 8 + EMU L 1 8 5 3 . 3 7 5  
Q*H I B- 7 1 7 8 + E�U L 2 . 8 54 . 825 
Q*H I B- 7 1 7 8+ EMU L 3 8 57 . 925 
Q*HYO . L I M E+ EMU L 1 8 5 1 . 3 7 5  
Q*HYO . L I ME+EMU L 2 8 5 1 . 82 5  
Q*HYO . L I ME+ EMU L 3 8 5 5 . 6 7 5  
Q*R ED . 82- S+ EMU L 1 8 55 . 2 5 0  
Q*R E D . 82 - S+ EMU L 2 8 57 . 700 
Q*R E0 . 8 2 - S+ EMU L 3 8 56 . 925 
Q*TAA- 3000+ EMU L 1 8 50 . 3 7 5  
Q*TAA- 3000+ EMU L 2 8 50 . 5 7 5  
Q*TAA- 3000+ EMU L 3 ·a 52 . 6 7 5  
1 15 
TABLE 1 7 .  SPRING SEASON : ·wa l l er  Test for Sorti ng the Means 
of Ski d Number (SN) for Di fferent Treatments . 
M EANS W I TH T H E  SAME LETT E R  A R E  NOT S I GN I F I CANTLY 0 I F F ER E N T ·. 
WALLER GROU P I NG M EAN N TREAT 
A 5 7 . 458 24 Q+ EMU L*H I B- 7 1 7 8  
A 
B A 5 6 . 6 2 5  24 Q*R E 0 . 82 - S+ EM U L  
B 
B 5 6 . 292 24 Q+ EMUL*RE0 . 82 - S  
B 
B c 5 5 . 9 5 8  24 Q*H . L I ME+H F . E M U L  
B c 
B c 5 5 . 8 7 5  24 Q+ EMUL* I N O L . AS- 1 · 
c 
c 5 5 . 3 75 24 Q*H I B- 7 1 78+EMU L 
0 5 3 . 792 24 Q+ EM U L . 
0 
0 52 . 958 24 Q*HYO . l l  ME+ EMU L 
E 5 1 . 208 24 Q*TAA- 3000+EMU L 
F 4 9 . 0 8 3  24 N . A . + EMU L .  
TABLE 18 . SPRI NG SEASON : Wal l er Test  for Sorti ng the Means 
of Ski d Number (SN) for Week ly Vari ati on s . 
M EANS W I TH T H E  SAME L ET T E R  AR E NOT S I GN I F I CANT LY D I F F ER EN T . 
WALLER GROU P I NG 
A 
8 
c 
M EAN 
5 5 . 7 1 2  
5 4 . 2 3 7  
5 3 . 4 3 8  
N WE E K  
8 0  3 
80 2 
80 1 
1 16 
0:::: LLJ co 
:E ::::> z 
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T REAT• O• T AA- 3000+ EHUL 
READ I NGS 
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F I GURE 4 1 .  Pl ot o f  the Regress i on L i ne wi th 95% Confi dence I nterval . 
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F I GURE 4 3 .  P l ot o f  the Regres s i on Li ne wi th 95% Confi dence I nterva l . 
.­.._. \.0 
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E :::::> z 
Cl ........ � 
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TREAT •N · A · • EHUL . 
READ I NGS 
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F I GURE 44 . Pl ot of  the Regress i on Li ne wi th 95% Confi dence I nterva l . 
1-1 N 0 
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TREAT •O•HYD . L I HE+ EHUL 
READ I NGS 
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F I GURE 45 . Pl ot of the Regressi on Li ne wi th 95% Confi dence I nterval . 
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F IGURE 46 . Pl ot of the Regre ss i on li ne wi th 95% Con fi dence I nterva l . 
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TABLE  19 . VALUES FOR THE SLOPE AND THE I NTE RCEPT OF TH E REGRESS ION L I NES 
Trea tment Name Sec ti on 
Q * TAA- 300 + Emul s i on AA 
Q * H I B-7 1 78 + Emul s i on BB 
Q * Red . 82-S · + Emul s i on cc 
N . A . + Emu l s i on z 
Q * Hyd . Li me + Emu l s i on v 
Q + Emu l s i on y 
Q + Emul s i on * Red . 82 -S c 
Q + Emul s i on * . H I B-7 178 B 
Q + Emul si on * I ndl . AS- 1 A 
Q * Hyd .  L i me + Hi gh Fl . Ernu l . w 
Sl  �.pe , a1 
-0 . 0550 
-0 . 0470 
-0 . 0360 
-0 . 0065 
-0 . 0418 
-0 . 0342 
- 0 . 0578 
-0 . 047 1 
-0 . 0564 
-0 . 0 187 
Intercept . a0 , SASDATE = Janua ry 1 ,  1960* 
5 57 . 392 
490 . 706 
393 . 2 1 5  
109 . 382 
439 . 7 13 
370 . 138 
590 . 584 
493 . 6 12  
577 . 980 
229 . 098 
*The i ndependent va r iabl e i s  SASDATE . SASDATE i s  the number of days s i nce January 1 ,  1960 . From the 
stra i ght l i ne reg re� s i on equation , Y = a0 + a1 X ,  the mean va l ue of Y fo r any SAS da te , X ,  can be ca l cu­
l ated a�  l ong as  the X-va l ue does not fal l o uts i de the ran ge of the val ues i n  the data set . 
� 
N 
....... 
CHAPTER  7 
SUMMARY AN D CONCLUS IONS 
128  
The resea rc h  repo rted here i s  a s tudy of the use  of  anti ­
s tri ppi ng  agents i n  a spha l t i c  pavements , w i th a parti cul a r  a pp l i ca ti on  
to s ea l  coat i n g  s urface treatments u s i ng cat i on i c emu l s i on s  w i th S i oux  
quartz i te mi ned i n  South  Da kota or  wi th natura l  agg regate . Th i s  s tudy 
wa s carri ed o ut i n  3 p ha s es . 
Phase 1 ,  dea l t wi th  a compa rati ve s tudy of the pro pe rt i es of  
the  Si oux  Quartz i te and  Natura l Aggregate . Pha s e  2 ,  exami ned anti ­
s tri ppi ng  agents , a n d  a 1 a bo ra to ry tes t wa s deve 1 oped to s tudy the 
effec ti venes s of these  add i t i ves i n  control l i n g  s tr i pp i n g  at the 
pres enc� o f  wa ter .  I n  Phase 3 ,  s ki d res i s tance data was ga_thered to 
eva l uate the perfo rmance o f  the s ea l  coa t samp l es  u nde r traffi c w i th 
and wi thout  the use  of  ant i - s tri ppi ng agents . The fol l owi ng  con ­
cl us i ons ca n b e  s uppo rted by the fi ndi ngs o f  thi s res earch . 
I n  Pha se 1 ,  a s tudy of  the S i o u x  Quartz i te has  s hown that 
quartzi te i s  a s ha rp edged , angu l a r ,  and me tamo rp hi c rock . E i ghty­
fo ur percent o.f the mi nera l  compo s i t ion  of qua rtz i te i s  q ua rtz , and 
th i s  ma kes quartz i te among the top hard mi  nera 1 s .  Bas ed o n  Moh • s 
ha rdnes s s ca l e ( Ta bl -e 1 ) , q u a rtz i s  i n  th i rd p l ace after di amo n d , and 
quartzi te i s  heat s ta b l e u p  to 870° C .  - The h i gh hardness  and  s ta b i ­
l i ty prope rti es  o f  q ua rtz i te ma ke i t  a good candi date to re s i s t  
traffi c l oad .  Fu rthe rmo-re because  o f  i ts angu l ari ty ,  quartz i te i s  
a l so cons i dered good fo r s k i d  res i s tance , wh i l e · aggregates w� th  fl a t  
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shapes and e l ongated mi nera l  part i cl es or  ro unded na tura l aggrega te s  
are poo r  s k i d res i s to rs . 
I n  Pha s e  2 ,. a s tudy of  the  a nt i -s tri pp i ng agents reveal ed that 
the a ddi ti ves are c hemi cal s con ta i n i ng ami nes , whi ch  a re h i gh l y  bas i c , 
ha ve di po l ar  o rgan i c  mo l ecu l e s , and a re s o l ubl e i n  o i l and water . Al l 
the manufactu rers c l a i m  tha t the i r products are s tab l e a nd have  no 
adverse effects on the p ro perti e s  of the rna teri a 1 s .  The fo 1 1  owi ng 
were · the fi nd i ngs of th i s pha s e  of the s tu dy : 
1 .  The a ddi ti ves do not h ave  any effect o n  the  wei gh t 
of  the a ggregate . 
2 .  The mos t  effect i ve way of u � i ng anti - s tri pp i ng 
agents i s  to add them to the a gg rega te pri or  to the 
mi x .  
3 .  Hydrated 1 i me s ho u l d , b e  a dded to a wet-surfa ce 
.dri ed a gg re ga te . L i me coa ti ng on the wet- s u rfa ce 
d ri ed aggrega te i s  fa r better than add i ng  aggregates 
i nto l i me s l urry and then mi x i ng  i t , a fi ndi ng con­
trary to wor ks done  by Thomas  Kennedy ( P .  10 , 12 ) and 
Ma rk Tay l o r  ( P .  16 , 8 ) . 
4 .  An a ttempt to modi fy the Texas Bo i l i ng Tes t  
fa i l ed ;  th us , th i s  tes t i s  on l y appropri a te for hot 
mi xes and no t appl i ca bl e fo r mi xes where emu l s i ons a re 
used . 
5 .  Ant i - s tr i ppi n g  a gents a re effecti ve i n  control l i ng 
mo i s tu re damage  to the  pavement .  
6 .  From o bs e rva t i on of  F i gu re 33 , i t  can  be  concl uded 
tha t add i n g  _q uartz i te to pl a i n cati on i c  emu l s i on can · 
provi de fo r the most  o pt i ma l  mi x ;  th i s  ca n a l so be 
expl a i ned by the fact that pl a i n cat i on i c  emu l s·i on 
a 1 ready conta i ns s ome a nti  - s tri ppi ng  agents . The re­
fore , the re i s  no need fo r any further add i ti ves . 
. 7 .  · Al so from o bs ervati on of  Fi gures 3 1 , 32 , and · 3 3 ,  
i t  can b e  conc l u ded that  q uartz i te i s  bette r than 
natura l  aggretate i n  res i s t i ng  moi s ture �amage . 
8 .  The s ma 1 1  amount  o f  wei ght  · 1 a s s  i n  the  treatment  
o f  q u a rtz i te w i th  hydrat�d l i me , a s  s hown i n  Tab l e 7 ,  
i nd i ca tes that hydra ted l i me i s  a good candi date i n  
reduci ng the mo i s ture s tr i pp i n g prob l em. 
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I n  Phase  3 o f  the  re search , i n  whi ch tes t stri ps were con ­
s tructed o n  t h e  roa d ,  the  emu l s i on s  treated wi th d i fferent add i ti ves  
d id  no t have  s i mi l a r behav i o rs . Some were eas i er to  wo rk  wi th and 
some d i d not s pread un i forml y .  The fo l l ow i ng were the majo r  fi ndi ngs  
of  th i s  pha s e  of the  s tudy : 
1 .  H i gh fl oat emul s i on s  we re the best ones  to wo r k  
wi th .  However , t hey d i d  not exh i b i t  a h i gh rate o f  
a ggregate retenti on . O n  the other han d ,  emu l s i on s  
trea ted wi th I ndu l i n  AS- 1 d i d not pour  ea s i l y ,  nor 
spread u n i forml y ,  and  the i r rate of a gg regate re ten­
ti on  was better tha n  the s ecti on made wi th h i gh fl oat 
emu l s i ons . 
2 .  Ana l ys i s  o f  t he readi ngs  fo r the S k i d Res i s tant  
eval uati o n  i nd i cates that  qua rtz i te i s  fa r better than  
· -natural  aggregate i n  res i s ti ng · traff i c  l oa d .  
3 .  As s hown i n  Tab l e  1 3 , a dd i ng  q ua rtzi te to emu l ­
s i ons  treated wi th  Redi .cote 82-S yi  e 1 ds the h i ghest  
s k i d  number .  
4 .  Contra ry to the h i gh mo i s tu re res i s ti n g  capab i l i ty 
of  mi xes wi th  hydrated l i me , t�e res i s tance to traff i c 
l oad i s  not s o  h i gh when hydrated l i me i s  u s ed i n  the  
mi x .  
From observat i o n  o f  the ta b l es a nd the graphs obta i ned  for the 
s ki d  res i s tanc e  eval u at i on , one ca n concl ude tha t  the s ki d  re s i s tan ce 
o f  a pavement under s e rv i ce i s  not u n i fo nm ,  a fact i ndeed true i n  rea l 
l i fe s i tua ti ons where the s k i d  res i s tance of  a pavement und� r serv i ce 
at  a· g i ven t i me ha s a momenta ry val ue  that may be  h i gher  o r  l ower than 
one mea s ured s ome mo nths or even wee ks . ea rl i er o r  l ater . E a rl i er 
economi c s tud i e s  by Sel i m  ( P . 72 , 2 2 )  revealed that even though  
1 3 1  
quartz i te a ggregate a re more ·expens i ve than natural agg regate b u t  wh en 
a 1 1  expens es i nc urred duri ng  the 1 i fe s pa-n of  the pavement a re ta ken 
i nto cons i derati on , paveme nts made w i th q uartzi te are l es s  exp en s i ve 
than tho se whi ch empl oyed natural · aggregate . Furthe r res ea rch i n to 
the l ong term effec ts o f  the anti - stri ppi n g  agents are re comme nde d by 
the a utho r .  
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APPEN D I X  
CONSTRU CT I ON NOTE SHEETS 
1 34 
S E CTION : AA- 1 
DATE : Aug u s t  2 5 , 1984 
DESCRI PT ION : Treated Quartz i te W·i th TAA- 3000 p l u s  Cati o n i c 
Emu l s i o n  ( CRS - 2 ) 
EMU LS I ON TEMPE RATU RE : 9 5° F 
SURFACE TEMPERATURE : 80° F 
AI R TEMPE RATURE : 7 5° F 
TIME : 1 : 00  PM 
GENERAL W EATHER  
CON D I T I ONS : P artl y c l o • � dy and  c l eari ng  u p  for the  day 
COMM ENTS : At 1 . 5 '  from the Gu tter Emul s i on wa s a t  room 
temperature ( 0 . 2 -Ga l l on s ) 
At the o ther 9 . 5 '  Emul s i on wa s at  9 5° F ( 1 . 0 
Gal l on ) 
Th i s wa s the fi rs t secti on  o f  the  day . 
1 35 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. ' 
S ECT ION : AA- 2  
DATE : Augu s t  25 , 1984 
DESCR I PT I ON : Treated Quartz i te w i th TAA-3000 p l us  Cati on i c  
Emu l s i on ( CRS- 2 )  
EMU LS I ON TEMPE RATURE : 9 5° F 
SURFACE TEMPE RATURE : 83° F 
AI R TEMPERATURE : 78° F 
T IME : 1 : 45 PM 
GENERAL WEATH ER 
CON D IT IONS : Partl y c l o udy and c l eari ng up fo r the day 
COMMENTS : Emu l s i on tempera tu re wa s 9 5° F a t  the ti me o f  
s p rea d i n g  
1 36 
S ECTI ON : BB- 1 
DATE : August  2 5 , 1 984 
D ES CR I PT I ON : Treated Quartz i te w i th H I B�7 1 78 p l u s  Ca ti o n i c  
Emul s i on ( CRS- 2 )  
EMU LSION  TEMPERATURE : 9 5° F 
SU RFACE TEMPERATURE : 8 1° F 
A I R  TEMPERATURE : 7 7° F 
T I ME : 2 : 0 0  PM 
GEN ERAL WEATH E R  
CON D I T I ONS : Mo s tl y  " 'Jnny wi th 1 i ttl e wi nd 
COMMENTS : No abno rmal o bs erva ti ons  occu rred  
1 37 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SECT I ON : BB- 2  
DATE : Augu s t  2 5 ,  1984 
DESCR I PT I ON : Treated Qua rtz i te wi th H I B- 7 1 78 p l us  Ca ti o n i c 
Emu l s i on  ( CRS - 2 ) · 
EMULS I ON TEMPE RATU RE : 9 5° F 
SURFACE TEMPERATURE : 82° F 
A I R  TEMPERATURE : 78° F 
T IME : 2 : 30 PM 
GENERAL WEATH ER  
COND IT I ONS : Mos tl y  s u n ny w i th l i ttl e wi nd  
1 38 
COMMENTS : After l ay down of thi s secti o n  we too k an ho ur 
for l unch b rea k 
S ECT I ON : CC- 1 
DATE : Augus t 25 , 1984 
DES CR I PT I ON : Treated Qua rtz i te w i th  Red i cate 82- S  p l us  
Cati o n i c  Emu l s i on ( CRS- 2 )  
EMULSION TEMPERATU RE : 9 5° F 
SURFACE TEMPERATU RE : 82° F 
AI R TEMPERATU RE : 78° F 
TIME : 3 : 30 PM 
GENERAL WEATHER  
COND I T I ONS : S un ny and wi ndy 
COMMENTS : No a bno rmal observati ons  occurred  
1 39 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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SECTI ON : CC- 2 
DATE : Augu s t  2 5 , 1 984 
DES CR I PT I ON : Treated Qua rtz i te w i th Redi cate 82- S p l us  
Cat i on i c Emul s i on ( CRS- 2 )  
EMULS I ON TEMPERATU RE : 9 5° F 
SURFACE TEMPERATU RE : 82° F 
A I R  TEMPERATU RE : 79° F 
T I ME : 4 : 30 PM 
GENERAL WEATHE R  
COND ITIONS : Sunny w i th  l i ttl e wi nd 
COMMENTS : No abno rma l  observa ti ons  occu rred 
SECTI ON : Z- 1 
DATE : Augus t 25 , 1 984 
DES C R I PT I ON : Untrea ted Natura l  Aggrega te p l us Cati on i c  
Emu l s i on ( CRS- 2 )  
EMU LS ION TEMPERATU RE : 9 5° F 
SURFACE TEMPERATURE : 85° F 
A I R  TEM PERATURE : 80° F 
T IME : 6 : 00 PM 
GENERAL WEATH ER  
COND I TI ONS : S u nny wi th l i tt l e wi nd 
COMMENTS : Pneumati c  ro l l ers di d not work . The secti on 
was compacted w i th  � p i ckup truc k .  Th i s wa s 
the l a s t  s ecti on for the day . 
14 1 
SECT I ON : Z- 2 
DATE : Augus t  26 , 1984 
DESCR I PT I ON : Untreated Natural Aggregate p l us  Ca ti o n i c 
Emul s i on ( CRS - 2 ) 
EMULS ION TEMPERATURE : 9 5° F 
SU RFACE TEMPERATU RE : 83° F 
AI R TEMPERATU RE : 79° 
T I ME : 10 : 30 AM 
GENERAL WEATHE R  
COND IT I ONS : Pa rtl y c l o udy wi th l i ttl e w i nd 
COMMENTS : Pneumati c ro l l ers were us ed to compact the 
sect i on . 
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SECT I ON : V- 1 
DATE : Augus t  26 , 1984 . 
DES CRI PTI ON : Trea ted Qua rtz i te wi th L i me  p l us Ca ti o n i c 
Emul s i on ( CRS� 2 )  
EMULS I ON TEMPERATURE : 9 5° F 
SU RFACE TEMPERATURE : 87° F 
A I R TEMPERATU RE : 83° F 
T IME : 1 2 : 00 PM 
GENERAL WEATH ER 
COND IT IONS : Sunny , hot ,  a nd l i tt l e wi ndy 
COMMENTS : No abno rmal o bservati on s o ccurred . 
. , 
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S ECTI ON : V - 2  
DATE : Augu s t  26 , 1984 
DESCRI PTI ON : Treated Q ua rtz i te wi th  Li me p l us Cat i o n i c 
Emu l s i on ( CRS-2 )  
EMU LSI ON TEMPERATURE : 9 5° F 
SURFACE TEMPERATURE : 88° F 
A I R  TEMPERATURE : 84° F 
T I ME : 1 : 00 PM 
GENERAL WEATHE R  
CONDI TI ON S : Cl ear a nd wi n dy 
COMMENTS : No a bno rmal o bservati on s  occu rred . 
' '  
S ECTI ON : Y- 1 
DATE : Augu s t  26 , 1984 
DESCRI PT I ON : Untreated Qua rtz i te pl us  Cati on i c  Emul s i o n  
( CRS- 2 )  
EMU LS ION TEMPERATURE : 9 5° F 
SURFACE TEMPERATURE : 89° F 
A I R  TEMPE RATURE : 85° F 
T I ME : 1 : 45  PM 
GEN ERAL WEATH ER 
COND IT IONS : Sunny and  wi ndy 
COMMENTS : No a bno rmal o bservati ons  occurred .  
, ' 
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SECTI ON : Y - 2  
DATE : Au gus t 26 , 1984· 
DESCRI PT I ON : Un trea ted Qua rtz i te p l u s  
( CRS- 2 )  
EMULS I ON TEMPERATU RE : 9 5° F 
SURFAC E TEMPERATU RE : 890 F 
A I R  TEMPERATURE : 86° F 
T IME : 2 : 30 PM 
GENERAL WEATHE R  
COND I T I ONS : Sunny and  w i ndy 
Cat i oni c Emu l s i on 
COMMENTS : No a bno rma l  o bservati on s occurred . Th i s  wa s 
the l as t  sect i on fo r_ the day . 
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SECT I ON : C- 1 
DATE : September 4 ,  1984 
DES CR I PT I ON : Untreated Quartz i te pl us  Trea ted Ca ti on i c  
Emul s i o n  
EMULS I ON TEMPERATURE : 105° F 
SURFACE TEMPERATURE : 6 6° F 
A I R  TEMPERATU RE : 6 3° F 
T IME : 1 0 : 00 AM 
GENERAL WEATH ER 
CON D I T I ONS : Cl ear ,  s unny 
COMMENTS : No a bno rmal o bs e rvati ons occurred . Thi s wa s 
the f i rs t s ec t i o n  for- the day . 
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SECTI ON : C- 2 
DATE : September 4 ,  1984 
DESCR I PT ION : Untreated Quartz i te p l us  Treated Ca ti on i c 
Emu l s i o n 
EMULSI ON TEMPERATURE : 105° F 
SURFACE TEMPERATURE : 6 7° F 
A I R  TEMPERATU RE : 64° F 
T I ME : 10 : 30 AM 
GENERAL WEATH ER  
CONDITIONS : Sunny , c l ea r  
COMMENTS : No abno rmal observati ons occurred . 
SECT I ON : B - 1 
DATE : September 4 ,  1 984 
DESCR I PT I ON : Untreated Quartz i te p l us Trea ted Cati o n i c 
Emu l s i on w i th Tec hn i -H I B  7 178 
EMULS I ON TEMPERATURE : 105° F 
SURFACE TEMPERATURE : 6 7° F 
A I R  TEMPERATURE : 64° F 
T IME : 1 1 : 00 AM 
GEN ERAL WEATHER  
COND IT IONS : Sunny ,  c l ea r 
COMMENTS : No a bno rmal obs ervat i on s  occurred . 
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SECT I ON : B-2  
DATE : September 4 ,  1984 
DESCR I PTION : Untreated Quartz i te p l us  Treated Cat i on i c 
Emul s i on wi th  Techn i -H I B7 1 78 
EMULS ION TEMPERATU RE : 105° F 
SURFAC E TEMP ERATU RE : 68° F 
A I R TEMPERATURE : 6 5° F 
T IME : 1 1 : 30 AM 
G ENERAL WEATHER 
COND IT IONS : Sunny and partl y cl oudy 
150 
COMMENTS : No abno rmal o bs e rvat i ons  occu r red .  We  too k  one  
ho u r  l unch b rea k .  
, ,  
1 5 1  
SECT I ON : A- 1 
DATE : September 4 ,  1984 
DESCRI PT I ON : Untrea ted Qua rtzi te pl us  Treated Emul s i on wi th 
I ndu l i n  AS- 1 
EMU LS ION TEMPE RATU RE : 105° F 
SURFACE TEMPERATU RE : 68° F 
AI R TEMPE RATU RE : 65° F 
T I ME : 1 : 00  PM 
GENERAL WEATHE R  
COND IT IONS : Pa rtl y c l oudy 
COMMENTS : Th i s  emu l s i on di d not pou r ea s i l y , and wa s no t 
sprea d u n i forml y .  There were ta r- l i ke p i eces 
o f  gull111s that were not mi xed wi th the emu l s i on 
and a t  the t i me o f  s preadi ng i t  wa s hard to 
ma ke a u n i fo rm s u rface of  emul s i on on the 
pavement . 
. ,  
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SECTION : A- 1 
DATE : September 4 ,  1 984 
DES CRI PTION : Un treated Quartzi te p l us  Trea ted Emu l s i o n  w i th 
I n dul i n  AS- 1 
EMU LS I ON TEMPERATU RE : 105° F 
SURFACE TEMPERATU RE : 68° F 
A I R  TEMP ERATURE : 65° F 
T IME : 1 : 00 PM 
GEN ERAL WEATHE R  
CONDIT I ONS : Partl y c l oudy 
COMMENTS : · Th i s  emu l s i on d i d not pour ea s i l y  and  was not 
s prea d u n i forml y .  Th ere were ta r- l i ke p i ece s 
o f  gums that were not mi xed wi th the emu l s i o n  
a nd a t  the t i me o f  s preadi ng i t  was ha rd to 
ma ke a un i form s u rface of emu l s i on on  th e 
pavemen t .  
' •  
S ECTI ON : A- 2 
DATE : September 4 ,  1984 
DESCRI PT I ON : Untrea ted Q uartz i te p l us  Treated Ca ti on i c  
Emul s i o n w i th I ndul i n  AS- 1  
EMU LS I ON TEMPERATURE : 105° F 
SURFACE TEMPERATURE : 70° F 
A I R  TEMPERATU RE : 66° F 
T IME : 1 : 45  PM 
GENERAL WEATH E R  
CON D I T I ONS : Part l y  c l o udy 
153  
COMMENTS : Thi s emu l s i on d i d not po ur  eas i l y  and d i d not 
spread u n i fo rml y .  Th ere we re unmi xed ta r-l i ke 
b i g p i eces o f  gums . At the t i me of  spreadi ng , 
i t  was hard to , ma ke a u n i fo rm s u rface of  
emul s i on on  the  pavement . 
. , 
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SECTI ON : W- 1 
DATE : September 4 ,  1984 
DES CR I PT ION : 
EMULSION  TEMPERATU RE : 
SURFACE TEMPERATU RE : 
Trea ted Qua rtzi te wi th  L i me  pl us H i gh  F l oat  
Ca ti o n i c Emu l s i on 
78° F i n  the mi ddl e of the conta i ner 
105° F a t the top edges of emu l s ion  wi th the 
p l a s ti c j a r  
7 1° F 
A I R TEMP ERATU RE : 6 7° F 
T IME : 2 : 30 PM 
GENERAL WEATHER  
COND I T I ONS : Sunny w i th l i ttl e w i nd 
-
COMMENTS : Thi s emul s i on po ured and s p readed ea s i l y  and 
u n i fo rml y .  However ,  wh i l e  heated i n  the hot 
tub , the centra l  po rt i on o f  the conta i ne r  di d 
not wa rp as  fas t a s  the o ther pa rts i n  the 
con ta i ner. 
' •  
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SECTI ON : W-2 
DATE : September 4 ,  1984 
DES CR I PTION : Treated Quartz i te wi th L i me pl us  H i gh F l oa t 
Cati on i c  Emu l s i on 
EMULSI ON TEMPERATURE : 78° F i n  the mi ddl e o f  the con ta i ner 
105° F at the top edges o f  the emu l s i on wi th  
the p l a s ti c j a r 
SURFACE  TEMPERATURE : 7 1° F 
A I R TEMPERATURE : 6 7° F 
T I ME : 3 : 00 PM 
GEN ERAL WEATHE R  
CON D IT IONS : Sunny wi th l i ttl e wi nd 
COMM ENTS : Th i s  emu l s i on poured and spreaded  eas i l y  and 
un i fo rml y .  However , wh i l e  heated i n  the hot 
tub , the cen tra l  po rti on of the contai ner di d 
not wa rp up  as  fas t  a s  the other parts . 
, ,  
